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AND SYNTHESIS 



(57) Abstract 



A microchip loboratory system (10) and method 
provide fluidic manipulations for a variety of applica- 
tions, including sample injection for microchip chemi- 
cal separations. The microchip is fabricated using stan- 
dard photolithographic procedures and chemical wet 
etching, with the substrate and cover plate joined us- 
ing direct bonding. Capillary electrophoresis and elec- 
trochromatography are performed in channels (26, 28, 
30, 32. 34. 36, 38) formed in the substrate. Analytes 
are loaded into a four-way intersection of chaimels by 
clcctrokinetically pumping the analyte through the in- 
tersection (40), followed by a switching of the poten- 
tials to force an analyte plug into the separation charmel 
(34). 
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Deacription 

APPARATUS AND METHOD FOR PERFORMING MICRO^XUIDIC 
MANIPULATIONS FOR CHEMICAL ANALYSIS AND SYNTHESIS 

TWs invention was made with Government support under contnct 
DE-AC05-MOR21400 awarded by the U.S. Department of Energy to Martin Marietta 
Enersy Systems, Inc. and the Govermnent has certain rights in this invention. 

10 FVrld the invention 

The present invention rebtes generally to nuiuature instrumentation for 
chemical analysis, chemical sens'mg and synthesis and. more specificnOy. to electrically 
controlled manipuUtions of fluids in mtcromachincd channels. These marupulations can 
be used in a variety of applications, including the dectrically controlled manipulation of 

15 fluid for capmary dectrophoresis, liquid chromatography, flow ifijection analysis, and 
chemical reaction and synthesis. 

Background of the invention 

Laboratory analysis is a cumbersome process. Acquisition of chcnucal 
20 and biochemical information requires expcnswe equtpment. specialised labs and highly 
trained personnel. For this reason. laboratory testing is done in only a fiaction of 
dix»mstances where acquisition of chemical information would be usefiil. A huge 
proportion of testing in both research and clinical situations u done with crude manual 
methods tiurt are characterized by high Wbor costs, high reagent consumption, long 
25 turnaround times, relative imprecision and poor rcproducibilit>'. The practice of 
techniques such as electrophoresis tiiat are m widespread use in biology and medical 
laboratories have not changed significantiy m tiurty years. 

Operations that are performed in typical laboratory processes include 
specimen preparation, cheraicaVbiochemical conversions, sample fractionation, signal 
30 detection and data processing. To accomplish tiiese tasks, liquids are ofken measured 
and dispensed witii volumetric accuracy, mbced togrther. and subjected to one or several 
different physical or chemical environments tiwt accomplish conversion or fractionation. 
In research, diagnostic, or development situations, these operations are carried out on a 
macroscopic scale using fluid volumes m the range of a few microUters to several Dters 
35 at a time. Individual operations are performed in series, often using different specialized 
equipment and Instruments for separate steps in the nrocess. CompOcalions, difficulty 
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and expense are often the result of operations involving multiple laboratory procesang 
stcpi. 

Mai^ workers have attempted to solve these problems by creating 
int^iated laboratory systems. Conventional robotic devices have been adapted to 

5 p^rm ptpetting. specimen handling, solution nuxing, as well as some fractionation and 
detection operations. However, these devices are highly complicated, very expensive 
and their operation requires so much traimng that th»r use has been restricted to a 
relatively small number of research and development programs. More successRil have 
been automated cUnical diagnostic systems for rapidly and inexpenuvdy performing a 

10 small number of applications such as clinical diemistty tests for blood levels of gkicose, 
electrolytes and gases. Unfortunately due to thdr complexity, large s:ze and great cost, 
such equipment, is limited in its application to a small number of diagnostic 
dFcumstances. 

The desirability of exploiting the advantages of integrated systems in a 
15 broader context of laboratory applications has led to proposals that such ^sterns be 
ty iiniatiiri zed. In the 1980^ con»derable research and development eflfort was put mto 
an exploration of the concept of biosensors with the hope they might fill the need. Such 
devices make use of sdective chemical systems or biomolecules that are coupled to new 
methods of detection such as electrochemistry and optics to transduce chemical signals 
20 to electrical ones that can be interpreted by computers and other signal processing units. 
Unfortunately, biosensors have been a comincrcial disappointment. Fewer than 20 
commeraalized products were available in 1993, accounting for revenues in the U.S. of 
less than SI 00 million. Most observers agree that this fiuTure is priruuily technological 
rather than reflecting a misinterpretation of marlcet potential. In feet, many situations 
25 such as massive screening for new drugs, highly paraUel genetic research and testing, 
micro-chemistry to minimize costly reagent consumption and waste generation, and 
bedside or doctor's ofiBce diagnostics vrould greafly benefit from miniature uitegrated 

laboratory systems. 

In the early 1990^s, people began to discuss the possibility of creating 

30 miniature versions of conventional technology. Andreas Manz was one of the first to 
articulate the idea in the scientific press. CaDing them "miniatunzed total analysis 
systems." or "ji-TAS " he predicted that it would be possible to integrate into single 
units nucroscopic versions of the various elements necessary to process chemical or 
biochemical samples, thereby achieving automated experimentation. Since that time, 

35 miniature components have appeared, particularly molecular scpaiation meihods and 
microvalves. However, attempts to combine these ^sterns into completely integrated 
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«^«,s have not met ^ success. TW. i. primsrUy beauise precise nuuapulation of 
fluid vohime. in e^tmndy «am,w Omn^ ha, pnn«i to be a difficuk technological 

One prominent field susceptible to miniaturization is capiBary 
electrophoresis. CaplUary dectrophoitsU has become a popular technique for separating 
chai«d molecular species in sohrtion. The technique is performed in small capdtanr 
tubes to reduce band broadening cflFects due to thermal com««tion and hence miprove 
resolving power. The small tubes imply that minute volumes of matenals. on the order 
of nanoliters. must be handled to inject the sample into the separation capiMaiy tube. 

CuiTcnt techniques for injection mchide dectromigmtion and siphomng of 
sample from a container mto a continuous separation tube. Both of these tedmiques 
suffer from rdatively poor reprodudbility. and dectromigration additionally sufifers fiom 
dectrophorctic mobility-based bias. For both sampling tedmiques the input «.d of the 
analysis capillaiy tube must be tnmsfcired from a buffer reservoir to a reservoir holdmg 
IS the sample. Thus, a medumicd manipulrtion is im«,Wed. For the siphoning mjecUon. 
the sample reservoir is nused above the buffir reservoir holding the odt end of the 

capiliary for afixed ler^h of time. , 

An dectromigration injection is effected by applying an appropnatdy 
polarized dectricd potential across the capillaiy tube for a given duration while the 
20 entrance end of the capillary is in the sample reservoir. This can lead to samplmg bias 
because a disproportionatdy larger quantity of the species vrith hig-Mer electrophoreuc 
mobffities migrate into the tube. The capillary is removed fiom the sample reservoir arid 
replaced into the entrance buffer reservoir after the injection duration for both 

tedimques. ^ ^^^^.^.^^ ^ „d apparatuses wWdi tead to 

improved dectrophorctic resolution and improved injection stabiUty. 

■Sti mmarv o f T^yention 
"'"^ The pr«m i»«nlio» P""*^ 

methods ita. lOlow compte bloch«ri(»l «.d cho»c.I |«oo»i^ 

i,„^d»«ndsonamic«.=Kp. The n««™en. of »P«c.s=ly d««^ 

rfflie ™«me»l ot»ch .^leAJ. »*lcs p«cisc nWng. sep»«.o«. »«1 " 
needed to imptanem • desirod bioehentol or ehemiol procadore. 
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The inicrochip laboratory system of the present imrennoa analyzes and/or 
synthesiies chemical materials in a precise and reproducible manr*r. The system 
includes a body having integrated channels connecting a plurality of reiervoirs that store 
the dicmical materials used in the chemical analysU or synthesis performed by the 

5 qrstem. In one aspect, at least five of the reservoirs simultaneously have a controUcd 
electrical potential, such that material from at least one of the reservoirs is transported 
through the channels toward at least one of the other reservoirs. The transportation of 
the material through the channels provides exposure to one or more selected chemical or 
physical cnvironmcms. thereby rcsuhing in the synthesis or analysis of the chemical 

10 material. 

The microchip laboratory system preferably also includes one or more 
intersections of integrated channels connecting three or more of the reservoirs. The 
laboratory system controls the electric fields produced in the channels in a manner that 
controls which materials m the reservoire are transported through the interBection(5). In 
15 one embodiment, the microchip laboratory system acts as a mbccr or dUuter that 
combines materials in the intereecdon(s) by producing an electrical potential in the 
intersecdon that is less than the electrical potential at each of the two reservoirs from 
which the materials to be mixed originate. Alternatively, the laboratory system can act 
as a dispenser that electrokinetically iiyccts precise, controlled amounts of material 

20 through the interscction(s). 

By snnultancoudy applying an electrical potential at each of at least five 
reservoirs, the microchip teboratoiy system can act as a complete system for perfiirming 
an entire chemical analysis or synthesis. The five or more reservoirs can be configured m 
a manner that enables the elcctrokinetic separation of a sample to be analyzed ("the 
25 analyte") which is then mixed with a reagent from a reagent reservoir. Mtonativdy, a 
chemical reaction of an analyte and a aoWent can be performed first, and then the 
material resultmg from the reaction can be elcctroIdncticaUy separated. As such, the use 
of five or . more resenmirs pro^des an mtegrated laboratory system that can perform 
virtually any chemical analysis or synthesis. 
3Q In yet another aspect of the invention, the microchip laboratory system 

includes a double intersection formed by channels interconnecting at least six reservoira. 
The first intersection canbe used to mject a precisely sized analyte plug mto a separation 
channd toward a waste reservoir. The electrical potential at tiic second intersection can 
be selected in a manner that provides additional control over the size of the analyte plug. 
35 In addition, the electrical potentials can be controlled in a mariner tiiat transports 
materiaU from the fifth and sixth reservoirs tiirough the second mtmection toward the 
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fir* imciiection «id towwtl the fourth i«ervoir .fter * sdcctcd volur.ic of matcnal from 
tiie first mteraection i. transported through the second mterscction towiml the fourth 
reservoir. Sii**co«it«rf«»n be used to push the ««dytc plug fUither down the sep^^^ 
Chanr^i wHlc enabling . ««ond analytc plug to be bgectcd through the first intersecUon. 
5 In another «pcct, the microchip laboratory system ads « a microchip 

flow control system to control the flow of material through an intersection fiwmed by 
inlegrrted chamtels connecting at le«* four reservoirs. The microchip flow conti^l 
«slcm simultaneously appfics a controUed electrical potentiri to at least three of the 
reservoirs such that the volume of material transported fi«m the first nawvoir to a 
,0 second reservoir through the imersection is adectively controlled »Wy by Ac 
movement of a material from a third reservoir through the imersection. Prefembly. the 
material moved through the third reservoir to «lectively control the material trtmsported 
from the first reservoir is directed toward the same second reservoir as the matenal firom 
the first reservoir. As such, the microchip flow control system act. as a vah^ or a gate 
15 that selectWely control, the vohime of material transported through the intersection. 
The microchip flow control system can dso be configured to act as a dispenser that 
prevents the first material from moving through the intersection toward the second 
reservob after a selected votame of the first material has passed through the intcrs«n.on. 
AltemalWely. the microchip flow control system can be configured to act as a diluter 
20 ^t mfaces the first and second materials in the intersection in a mamier ttat 
shnultaneously transports the first and secomi materials from the intersection toward the 

second reservoir. , . . ^ -u 

Other objects, advantages and salient features of the invention wiU 
become apparent from the following detailed description, which taken in conjunction 
25 with the aimexed drawings, dtsdoscs preferred embodimcms of th^ 

nripf nescrif f'?" »f tl^ft Drawiiws 

^ Figure I is a schematic view of a preferred embodiment of the present 

invention; ^ . « i_ 

30 Figure 2 is an enlarged, vertical sectiomd view of a diamiel shown. 

Figure 3 is a schematic top view of a microchip accordmg to a second 
prefisrredembodhnentofthe present invention; 

Figure 4 is an enlarged view of the mtersection regwr of Figure 3. 
Figure 5 are CCD images of a phig of analyte moving through the 
35 intersection of the Figure 30 embodiment; 
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Figure 6 is a schematic top view of a nucrochip labontofy systgta 
acconting to a Hard preferred embodiment of a microdiip acooniiiig to the present 
invention; 

Figure 7 is a CCD image of "sample loading mode for itiodamine B" 

S (shaded area); 

Figure 8(a) is a schematic view of the intersccdon area of the microdrip 
of Figure 6, prior to analyte injection; 

Figure 8(b) is a CCD fluorescence image taken of the same area depicted 
in Figure 8(a), after sample loading in the pinched mode; 
10 Figure 8(c) is a photomicrograph taken of the same area depicted in 

Figure 8(a), after sample loading in the floating mode; 

Kgure 9 shows integrated fluorescence signals for ii^ccted vohime 
plotted versus ttnne for {unched and floating injections; 

Figure 10 is a schematic, top view of a microdiip according to a fourth 
15 preferred embodiment of the present uwention; 

Figure 1 1 is an enlarged view of the intersection region of Figure 10; 
Figure 12 is a schematic top view of a microchip laboratory system 
aceonfing to a fifth preferred embodiment according to the present m\-endon; 

Figure 13(a) is a schematic view of a CCD camera view of the 
20 intersection area of the microchip laboratory system of Figure 12; 

Figure 13(b) is a CCD fluorescence image taken of the same area 
depicted in Figure 13(a), after sample loading in the pinched mode. 

Figures 13(c)-13(e) are CCD fluorescence images taken of the same area 
depicted in Figure 13(a). sequentially showing a plug of analyte moving away from the 
25 channel intersection at 1. 2, and 3 seconds, respcctivdy, after switdiing to the run mode; 

Figure 14 shows two injection profiles for didansyMyanc iigected for 25 

with y equal to 0.97 and 9.7; 

Figure 15 are electropherpgrams taken at (a) 3.3 cm, (b) 9.9 cm, and 
(o) 16.5 cm ftom the point of injection for rhodamine B Cess retained) and 
30 sulfbrhodamine (more retained); 

Figure 16 is a plot of the efficiency data generated from the 
dectropherograms of Figure IS, showing variation of the plate number with., channd 
length for rhodamine B (square with plus) and sulforhodamtne (square with plus) and 
sulfothodamine (square wHh dot) with best Bncar fit (soUd lines) for each analyte; 
35 Figure 1 7(a) is an electropherogram of rhodamine B and fluorescdn with 

a separation Add strength of 1 .5 IcV/cm and a separation length of 0 9 mm; 
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Figure 17(b) is ui dcctropherogram of Thodamine B and fluorescein with 
a Bqiaralion fidd strength of 1.3 kV/cm and a separation length of 1.6 

Figure 17(c) U an etectropherogram of rfaodanune B and fluorescein with 
a separation field strength of 1.5 kV/cm and a separation length oflll mm; 
5 Figure 18 is a graph showing variation of the number of plates per unit 

time as a function of the electric field strength ft>r liiodaminc B at separation lengths of 
1.6 mm (circle) and ll.l mm (square) and for fluorescein at separation lengths of 1.6 
mm (diamond) and 11.1 mm (triangle); 

Figure 19 shows a chromatQgrMn of coumarins analyzed by 

10 electrochromalographyu»"Bt*w^'*^o*^^'8"'*^^ 

Figure 20 shows a chromatogram of coumarins resdting from micdlar 

electrokinetk eapiUary chromatography using the system of Figure 1 2 ; 

Figures 21(a) and 21(b) show the separation of three metal ions using the 

system of Figure 12; 

15 Figure 22 Is a schematic, top plan view of a microchip according to the 

Figure 3 embodiment, additionally including a reagent reservou- and reaction channel; 

Figure 23 is a schematic view of the embodiment of Figure 20. showing 
applied voltages; 

Figure 24 shows two dectropherograms produced usmg the Figure 22 

20 embodiment; 

Figure 25 is a schematic view of a microchip laboralo/y system according 
to a »xth preferred embodiment of the present invention; 

Figure 26 shows the reprodudWIity of the amount injected for arffnine 

and glycine using the system of Figure 25; 
25 Figure 27 shows the overiay of three dectrophorctic separations using 

the system of Figure 25; 

Figure 28 shows a plot of amounts injected versus reaction time usmg the 

system of F^re 25; 

Figure 29 shows an dcctropherogram of restriction fragments produced 

30 using the i^em of Figure 25; 

Figure 30 is a schematic view of a microdiip teboralo^y system accordmg 

to a seventh preferred embodiment of the present invention. 

Figure 31 is a schematic view of the apparatus of Figure 21, showmg 
sequential applications of voUages to effect desired fluidic manipulations; and 
35 Figure 32 is a graph showing ti» different voltages applied to effect tiie 

fluidic numpulations of Figure 23. 
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pctailed Descriptj nn of t^ie Invfcntion 

Integrated, xnicrO'laboratory systems for analyzing or synthesizing 
chemicals require a precise way of manipulating fluids and fiuid-bome malcriai and 
S subjecting the fluids to selected chemical or physical environments that produce desired 
conversions or partitioning. Given the concentration of analytes that produces chemical 
conversion in reasonable time scales, the nature of molecular detection, difKision times 
and manu&cturing methods for creating devices on a nucroscopic scale, miniature 
integrated nucro-laboratory systems lend themselves to channels har/ing dimensions on 
10 the order of 1 to 100 micrometers in diameter. Within this context, electrokinedc 
piunping has proven to be versatOe and effective in transporting materials in 
microfia>ricated laboratory systems. 

The present invention provides the tools necessary to make use of 
electrokinetic pumping not only in separations, but also to perform liquid handling that 
15 accomplishes other important sample processing steps, such as cheniical conversions or 
sample partitioning. By simultaneously controlling voltage at a plurality of ports 
connected by channels in a microchip structure, it is possible to measure and dispense 
fluids with great precision, mix reagents, incubate reaction components, direa the 
components towards sites of phy»cal or biochemical partition, and subject the 
20 components to detector systems. By combining these capabilities on a single microchip, 
one is able to create complete, miniature, integrated automated laboratory systems for 
analyzing or synthesizing chemicals. 

Such integrated nucro-laboratory systems can be made up of several 
component dements. Component dements can mchide hquid disperjung systems, liquid 
25 mbdng systems, molecular partition systems, detector sights, etc. For example, as 
described herdn, one can construct a rdativdy complete system for the identification of 
restriction endonudease sites in a DNA molecule. This single microfebricated device 
thus includes in a single system the fiinctions tiiat are traditionally performed by a 
tcchrudan employing pipettors, incubators, gel dectrophorcsis systems, and data 
30 acquisition systems. In this system, DNA is mixed with an enzyme, the mbrturc is 
incubated, and a selected volume of the reaction mixture is dispenssd into a separation 
channd. Electrophoresis is conducted concurrent with fluorescent labeling of the DNA. 

Shown in Figure I is an example of a microchip laboratory system 10 
configured to implement an entire chemical analysis or synthesis. Tlic laboratory system 
35 10 mcludes rfx reservoirs 12, 14, 16, 18, 20, and 22 connected to eai* otiujr by a system 
of channds 24 micromachined into a substrate or base member (not shown in Rg. l\ as 
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discugsffd » more detitil below. Each reservoir 12-22 is in fluid conununicatton vnih a 
corre^nding channel 26, 28, 30, 32. 34, 36, and 38 of the channel system 24. The first 
channel 26 leading from the first reservoir 12 is connected to tlie second channel 28 
leading from the second reservoir 14 at a first intersection 38. Likewise, the third 
5 channel 30 from the third reservoir 16 is comwcied to the fourth channel 32 at a second 
intersection 40. The first intersection 38 is eonaeeted to the second intersection 40 by a 
reaction chamber or channel .42. The fifth duumd 34 from the fifth reservoir 20 is also 
connected to the second intersection 40 such that the second intersection 40 is a four- 
w?y intersection of channels 30. 32, 34. and 42. The fifth channel 34 also intenects the 
10 axthdiamel 36 from the sbcth reservoir 22 at a tfnrd intersection 44 

The materials stored in the reservwrs preferably are transported 
dectrokinetically through the channel system 24 in order to implement the desired 
analysis or syntheas. To provide such electrokinetic transport, the laboratoiy ^tem 10 
tfududes a voltage controller 46 capable of applying sdectable voluige levels, including 
15 groimd. Such a vohage controller can be implemented using multiple voltage dividers 
and multiple relays to obtain the selectable voltage levels. The voltage controller is 
connected to an electrode positioned in each of the six reservoirs 12-22 by voltage Knes 
V1-V6 in order to apply the desired voltages to the materisilis in the reservoirs. 
Preferably, the voltage controller also includes sensor channels SI, S2, and S3 connected 
20 to the first, second, and third intersections 38, 40. 44, respectively, in order to sense the 
voltages present at those intersections. 

The use of elecUoicinetic transport on nucrominiaturized planar liquid 
phase separation devices, described above, is a viable approach for sample manipulation 
and as a pumping mechanism for liquid chromatography The present invention also 
25 entttls the use of dectroosmotic flow to nux various fluids in a controlled and 
reproducible fiuhion. When an appropriate fluid is placed in a tube made of a 
correspondingly appropriate nuiterial, functional groups at the surface of the tube can 
ionize. In the case of tuWng materials that are terminated in hydrcxyl groups, protons 
wai leave the sur&ce and enter an aqueous solvent. Under such conditions the surface 
30 will have a net negative charge and the solvent will have an excess of positive charges, 
mostly in the charged double layer at the surfece. With the application of an dcctric 
field across the tube, the excess cations in solution will be attracte-l to the cathode, or 
negative electrode. The movement of these positive charges through the tube will drag 
the solvent vwth them. The steady state velocity is given by equation 1. 

35 v = i.^J^ (1 
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where v is the solvent velocity, e is the (fidcctric consiant of the fluid, ^ is the zcta 
potential of the surfece, E is the electric field strength, and % is the wWcnt viscosity. 
From equation 1 it is obvious that the fiind flow vdodty or flow rate can be controUcd 
5 through the electric field strength. Thus, electroosmosis can be used as • programmable 

pumping mechanism. 

The laboratoiy microchip system 10 shown in Fi^re 1 could be used fcr 
performing numerous types oflaboralory analysis or synthesis, such as DNA sequencing 
or analysis, dectrochiomatography, imcdlar deetrokinetic capillarv chromatography 
10 (MECC), inorganic ion analysis, and gradient dution liquid chromatography, as 
discussed m more detafl below. The fifth channd 34 ^icaOy is used for dectrophorctic 
or dectiochromatographic separations and thus may be referred to in certain 
embodiments as a separation channel or column. The reaction chamber 42 can be used 
to mix any two chemicals stored in the first and second reservoirs 12. 14. For example, 
IS DNA from the first leseivoir 12 could be mbccd with an enzyme fiom the second 
reservoir 14 in the first intersection 38 and the mixture could be incubf.ted in the reaction 
chamber 42. The incubated mbcture could then be transported through the second 
intersection 40 into the separation column 34 for separation. The sixih reservoir 22 can 
be used to store a fluorescent label that is mixed in the third intersection 44 with the 
20 materials separated in the separation column 34. An appropriate detector (D) could then 
be employed to analyze the labeled materials between the third intersection 44 and the 
fifth reservoir 20. By providing for a pre-separation cohmin reaction in the first 
intersection 38 and reaction chamber 42 and a post-separation column reaction in the 
third intersection 44, the laboratory system 10 can be used to implement many standard 
25 laboratory techniques normally implemented manually in a conventicmai laboratoiy. In 
addition, the dements of the laboratory system 10 could be used to buHd a more 
complex system to solve more complex taboiatoiy procedures. 

The laboratory microchip system 10 includes a substrate or base nacmber 
(not shown in Fig. 0 which can be an approwmately two inch by one inch piece of 
30 microscope slide (Coming, Inc. #2947). While glass is a preferred material, other simUar 
materials may be used, such as fiiscd siUca, crystalline quartz, fiised quartz, plastics, and 
silicon Gf the surfece is treated sufficiently to alter its resistivity). Preferably, a non- 
conductive material such as glass or fiised quartz is used to allow re atively high electric 
Adds to be appUcd to dectrokinetically transport materials through channds in tiie 
35 microchip. Semiconducting materials such as sflicon could also be used, but the electric 
fidd appUed would normally need to be kept to a minimum (approximately less than 300 
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volts per centimeter using present techniques of providing insulating layers^ which nrny 

provide inaufOctent dectrokinetic movement. 

The channel pattern 24 is formed in a planar savfacc of the substrate usng 

standard photolithographic procedures foUowed by chemical wet etching. The chaimel 
5 pattern may be tiansfiaied onto the substrate with a positive photortaist (Shiplqf 18 U) 

and an e-bcam written chrome mask (Institute of Advanced Manuftcturing Sciences. 

Inc.). The pattern m^ be chemically etched using HF/NH^F sohition 

After formiiig the channel pattern, a cover plate may tiien be bonded to 

the nibslrate using t direct bondiitB technique whereby the substrate and the cover plate 
10 surfaces arc first hydiolyzed in a jlihiie NIM)H/Hi0a sohitfon and then joined. The 

assembly is then annealed at about 500" C in order to insure proper adhesion of the 

cover plate to the substrate. 

Following bonding of the cover plate, the reservoirs are aflSxcd to the 
substrate, with portions of the cover plate sandwiched therebetween, using epoxy or 
IS other suitable means. The reservoirs can be cylindrical with open opposite axial ends. 
TypicaUy. electrical contact is made by p5acfa« a platinum wire electrode in each 
reservoirs. The electrodes are connected to a voltage controUer 46 which appUes a 
desired potential to select electrodes, in a matmer described m more detail bdow. 

A cross section of the first channel is shown in Figure 2 and is identical to 
20 the cross section ofeachofthe other integrated channels. When usitig a non-crystalline 
material (such as glass) for the substrate, and when the channels are chemically wet 
etched an isotropic etch occurs. the glass etches uniformly m all dtreciions. and the 
resultiiig chamiel geometry is trapezoidal. The trapezoidal cross section is due to 
•undercutting" by the chemical etching process at the edge of the photoresist In one 
25 enibodimenl. the channel cross section of the dhistrated embodiment has dimensions of 
5 2 Mtn in depth, 57 pm in width at the top and 45 Jim in width at the bottom. In 

UKXher embodiment, the chamiel has a depth "d" of lOpm. an miper width "wl" of 

90pin, and a lower width ^(fl" of 70pm. 

An important aspect of the present invenrion is the controlled 

30 dcctroldnclic transportation of materials through the channel system 24. Such 
controUed dectrokinetic transport can be used to dUpensc a selected amount of material 
fiom one of the reservoirs through one or more intersections of the channd structure 24. 
Alternatively, as noted above, selected amounts of materials from two reservoirs can be 
transported to an intersection where the materials can be mbced in desired 

35 concentrations. 
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fiateii Dispenser 

Shown in Figure 3 is a labonttoiy component lOA that can be used to 
implement a preferred method of transporting materials through a channel structure 24A. 
The A following each number in Figure 3 indicates that it corresponds to an analogous 

5 element of Figure 1 of the same number without the A. For simplicity, the electrodes 
and the connections to the voluge controller that controls the transport of materials 
through the dumnel system 24A are not shown in Figure 3. 

The microdiip laboratory system lOA shown in Figure 3 controls the 
amount of materia! fifom the first reservoir I2A tnnspofted throufl^ the mtersection 40A 

10 toward the fourth reservoir 20A by elcctrokinetically opemng and closing access to the 
intersection 40A from the first channel 26A. As such, the laboratory- microchip system 
lOA essentially implements a controlled electroldnetic valve. Such an electrokinetic 
valve can be used as a dispenser to dispense selected volumes of a nn^e material or as a 
mixer to nux selected vohmies of plural matcriak in the intersection 40A. In general. 

IS dectro-osmosis is used to transport "fluid materials" and dectrophoresis is used to 
transport ions whhout transporting the fluid material surrounding the ions. Accordingly, 
as used herein, the term "materiaT is used broadly to cover any form of material. 

including fluids and ions. 

The laboratory system lOA provides a continuous urt directional flow of 
20 fluid through the separation channel 34A. This injection or dispensing scheme only 
requires that the voltage be changed or removed from one (or two) reservoirs and allows 
the fourth reservoir 20 A to remain at ground potential. This will allow injeerion and 
separation to be performed with a single polarity power supp^. 

An enlarged view of the intw^ocdon 40A is shown in Figure 4. The 
25 directional arrows indicate the time sequence of the flow profiles at tlie interaction 40A. 
The solid arrows show the mitial flow pattern. Voltages at the va-ious reservoirs are 
adjusted to obtain the described flow patterns. The initial flow pattern brings a second 
material from the second reservoir 16A at a sufficient rate such ihat all of the first 
material transported fiwn reservoir 12A to the mtersection 40A is pushed toward the 
30 third reservoir 18A. In general, the potential distribution wHl be such that the highest 
potential is m the second reservoir 16A, a slighUy lower potential in the first 
reservoir 12A. and yet a lower potential in the third reservoir UA, with the fourth 
reservoir 20A being grounded. Under these conditions, the flow towards the fourth 
reservoir 20 A is soldy the second material from the second reservoir I6A. 
35 To dispense material from the first reservoir 12A through the mtersection 

40A, the potential at the second reservoir 16A can be switched to a value less tiian the 
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potential of the first reservoir 12A or the potentials at reservoirs 16A and/or 18 A, can be 
floated momentarily to provide the flow shown by the short dashed arrows in Figure 4. 
Under these conditions, the primaiy flow will be from the first reservoir 12 A down 
towards the separation channel waste reservoir 20A. The flow fitnn the second and 
5 third reservoirs 16A, ISA win be snudl and couU be in either din^ This condition is 
held long enough to transport m desired amount of material from the first reservoir 12A 
through the intersection 40A and into the separation channel 34A After sufficient time 
for the desired mateiial to pass through the intersection 40A, the voltage distribution is 
switched back to the origmal values to prevent additional material from the first reservoir 
10 12 A from flowing through the intersection 40A toward the separation channel 34A. 

One application of such a "gated dispenser^ is to inject a controlled, 
variable-sized plug of analyte from the first reservoir 12A for electrophoretic or 
chromatographic separation in the separation channel 34A. In suck a system, the first 
reservoir 12A stores ana]yte, the second reservoir 16A stores an ioriic buffer, the third 
IS reservoir ISA is a first waste reservoir and the fourth reseivoir 20A is a second waste 
reservoir. To inject a small variable plug of analyte from the first reservoir 12A, the 
potentials at the buffer and first waste reservoirs 16A, 18A are simply floated for a short 
period of time (» 100 ms) to allow the analyte to migrate down the separation column 
34 A. To break off the injection plug« the potentials at the buffer ressrvou* 16 A and the 
20 first waste reservoir ISA are reapplied. Alternatively, the valvix^ sequence could be 
effected by bringing reservoirs 16A and ISA to the potential of the inlcrsection 40A and 
then retunung them to thrir original potentials. A shortfall of this method is that the 
composition of the injected phig has an electrophoretic mobility Was wherd>y the faster 
migrating compounds are introduced preferentially into the separation column 34A over 
2S slower migrating compounds. 

In Figure 5. a sequential view of a plug of analyte nrioving through the 
intmection of the Figure 3 embodiment can be seen by CCD images The analyte bdng 
pumped through the laboratory system I OA was rhodamine B (shaded area), and the 
orientation of the CCD images of the injection cross or intcrsectior is the same as in 
30 Figure 3. The first image» (A), shows the analyte bring pumped through the injection 
cross or intersection toward the first waste reservoir ISA prior to ihe injection. The 
second image. (B), shows the analyte plug being injected into the separation column 
34A. The third image, (C), depicts the analyte plug moving away from the injection 
mtersection after an injection plug has been completely mtnoduced into the separation 
35 column 34A. The potentials at the buffer and first waste reservoirs 16A, ISA were 
floated for 100 ms while the sample moved into the separation column 34 A. By the time 
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of the (C) image, the closed gate mode has resumed to stop fijithcr analytc from moving 
through the intersection 40A into the separation column 34A, and a clean injection plug 
with a length of 142 |im has been introduced into the sq)aFBtjon column. As discussed 
bdow^ the gated injector contributes to only a minor firaction of the total plate height. 
5 The injection plug length (volume) is a fimction of the time of the injection and the 
electric field strength in the cohimn. The shape of the injected plug is skewed slightly 
because of the directionality of the cleaving bufier flow. However, fc^r a ^ven injection 
period, the reprodudbifity of the amount injected, deteraiined by iniegradng the peak 
area, is 1% RSD for a series of 10 replicate injections. 

10 Electrophoresis experiments were conducted usiTig the nucrochip 

laboratory system lOA of Figure 3, and employed methodology according to the present 
invention. Chip dynamics were analyzed using analyte fluorescence. A charge coupled 
device (CCD) camera was used to monitor designated areas of the chip and a 
photomultiplier tube (PMT) tracked single point events. The CCD (Princeton 

IS Instruments, Inc. TE/CCD-SI2TKM) camera was mounted on a stereo microscope 
(Nikon SMZ-U), and the laboratory system lOA was illuminated using an argon ion laser 
(S14.S nnu Coherent Innova 90) operating at 3 W with the beam expanded to a circular 
spot i« 2 cm in diameter. The PMT, with collection optics, was situated bdow the 
microchip with the optical axis perpendicular to the microchip surface. The laser was 

20 operated at approximately 20 mW, and the beam impinged upon the microchip at a ^S*" 
angle from the microchip surface and parallel to the separation channel. The laser beam 
and PMT observation axis were separated by a I3S^ angle. The point detection scheme 
employed a hdium-neon laser (543 nm, PMS Electro-optics UTOP-OOSl) with an 
electrometer (Keithlqr 617) to monitor response of the PMT (Orid 77340), The voltage 

25 controller 46 (Spellman CZE lOOOR) for electrophoresis was operated between 0 and 
+4.4 kV relathm to ground. 

The type of gated injector described with respect to Fii^ures 3 and 4 show 
electrophoretic mobility based bias as do conventional electroosmotic injections. 
Nonetheless, this approach has simplicity in voltage switching requirements and 

30 fiibrication and provides continuous unidirectional flow through the separation channel. 
In addition, the gated injector provides a method for valving a variable volume of fluid 
into the separation channel 34A m a manner that is predsely controlled by the electrical 
potentials applied. 

Another application of the gated dispenser lOA is to dihite or mix desired 
35 quantities of materials in a controlled manner. To implement such a mixing scheme in 
order to mix the materials from the first and second reservoirs 12 A« 16 A, the potentials 
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in the first and lecond channels 26A, 30A need to be maintainwl higher than the 
potential of the tntefsection 40A during mixing. Such potentials vria cause the materials 
fitwn the fifst and second reservoirs 12A and 16A to simultaneously move through the 
interaection 40A and thereby mix the two materials. The potentials appUed at the first 
and second lesetvoirs 12A. 16A can be adjusted as desired to acWove the selected 
concentration of each material. After dispensing the desired amounts of each material, 
the potential at the second reservoir 16A may be increased in a nranner sufficient to 
prevent fiuther material from the first reservoir 12A firom being tranH>orted through the 
intersection 40A toward the tlurd reservoir 30A. 



10 



Analvte Injector 

Shown in Figure 6 is a microddp analyte injector I OB according to the 
present invention. The channel pattern 24B has four distinct chanreds 26B, 30B. 32B, 
and 34B micromachincd into a substrate 49 as discussed above Each channel has an 
15 accompanying reservoir mounted above the terminus of each channel portion, and all 
four channels intersect at one end in a four way mtersection 40B. The opposite ends of 
each section provide termini that extend just beyond the peripheral edge of a cover phitc 
49- mounted on the substrate 49. The analyte injector lOB shown in Figure 6 is 
substantially identical to the gated dispenser lOA except that the electrical potentials are 
20 applied in a manner that injects a volume of material from reservoir 16% through the 
intersection 40B rather than from the reservoir 12B and the volume of material injected 
is controlled by the »ze ofthe intersection. 

The embod'miem shown m Figure 6 can be used for various material 
manipulations. In one appBcatioa the laboratory system is used to in ect an analyte from 
25 an analyte lescrvoir 16B through the intersection 40B for sepaialicn tn the separation 
channel 34B. The analyte injector lOB can be operated in either "load" mode or a "run" 
mode. Reservoir 16B is supplied with an analyte and reservoir I2B with buffer. 
Rescivoh' 18B acts as an analyte waste reservoir, and reservoir 2 OB acts as a waste 
reservoir. 

3Q In the "load" mode, at least two types of anal>ie introduction arc 

possible. In the first, known as a "floating" loading, a potential is applied to the analyte 
feservoir 16B with reservoir 18B grounded. At the same time, reseivoirs 12B and 20B 
are floating, mearang that they are neither coupled to the power source, nor grounded. 

The second load mode is "pinched* loading mode, wheran potentials are 

35 simultaneously applied at reservoirs 12B, 16B. and 20B, with reservoir 18B grounded in 
order to control die injection plug shape as discussed in more deuul below. As used 
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herein, simultaneously controlling electrical potentials at plural reservoirB means that the 
dectrodes are connected to a operating power source at tlie same chemically significant 
time period. Floating a reservoir means disconnecting the electrode in the reservoir from 
the power source and thus the electrical potential at the reservoir is not controU^. 
S In the "^n" mode» a potential is applied to the buffoe reservoir 12B with 

reservoir 20B grounded and vdlh reservoirs 16B and 18B at approximately half of the 
potential of reservoir 12B. During the run mode, the relatively high potential applied to 
the bufiEer reservoir 12B causes the analyte in the imerxction 40B to move toward the 
waste reservoir 20B in the separation column 34B. 

10 Diagnostic experiments were performed using rhodamine B and 

sulforhodamine 101 (Exciton Chemical Co., Inc.) as the analyte at 60 lOA for the CCD 
images and 6 nM for the point detection. A sodium tetraborate buflbr (50 mM. pH 9.2) 
was the mobile phase in the experiments. An injection of spatially well defined small 
volume ( 100 pL) and of small longitudinal extent ( 100 iim), injection is beneficial 

IS when performing these types of analyses. 

The analyte is loaded into the injection cross as a frontal 
elcctropherogram, and once the front of the slowest analyte component passes through 
the injection cross or intersection 40B, the analyte is ready to be analyzed. In Figure 7« a 
CCD image (the sreft of which is denoted by the broken line square) displays the flow 

20 pattern of the analyte 54 (shaded area) and the buffer (white area) tlirough the region of 
the uijeaton intersection 40B. 

By pinching the flow of the anafyte, the volume of the analyte phjg is 
stable over time. The slight asymmetry of the plug ^pe is due to the diffcrcm electric 
field strengths in the buffer channel 26B (470 V/cm) and the separation channel 34B 

2S (100 V/cm) when 1.0 kV is applied to the buffer, the analyte and the waste reservoirs, 
and the analyte waste reservoir is grounded. However, the different field strengths do 
not mflucnce tlie stability of the analyte plug injeaed. Ideally^ when the analyte plug is 
injected into the separation channel 34B« only the anal>te in tfac injection cross or 
intersection 40B would migrate into the separation channel. 

30 The volume of the injection plug in the injection cross is approximately 

120 pL with a plug length of 130 pm. A portion of the analyte 54 ir. the analyte charmel 
30B and the analyte waste channel 32B is drawn into the scpaiation dumnel 34B. 
Following the switch to the separation (run) mode, the volume oF the injection plug is 
approximately 250 pL with a plug length of 208 pm. These dimensions are estimated 

35 from a scries of CCD images taken immediately after the switch is made to the 
separation mode. 
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The two modes of loading were tested for the «nahr.e intioduction into 
the separation channel 34B. The aiialyt« was placed in the anatyte it«fVoir 16B, and in 
both injection schemes was "transported" in the direction of reservoir 18B. a waste 
reservoir. CCD images of the two lypei of injections are depicted in Fifi^ireB 8(a>8(c). 
5 rigure8(a) schemalically shows the intersection 40B, as well as the end portions of 
diannds. 

The CCD image of Figure 8(b) is of loading in the pinched mode, just 
prior to being switched to the nm mode. Inihe pinched mode, ana^e (shown as white 
against the dark background) is pumped dectrophoreticany and eleciroosmotically from 
10 reservoir 16B to reservoir 18B Qeft to right) with buffer fixjm the buffer reservoir 12B 
(top) and the waste reservoir 20B (bottom) traveling toward reservoir 18B (right). The 
voltages applied to reservoirs 12B. 16B, 18B, and 20B were 90%. 90%. 0. and 100%, 
respectwely^ of the power supply output which correspond to declric fidd strengths m 
the corresponding channds of 400, 270, 690 and 20 V/cm. respeciively. Although the 
15 voltage appUcd to the waste reservou^ 20B is higher than voltage appUcd to the analytc 
reservoir 18B. the additiond length of the separation channd 343 compared to the 
analyte channd 30B provides additiond dectricd resistance, and thus the flow from the 
andyte bufifer 16B into the intersection predominates. Consequently, the andyte in the 
injection cross or intersection 40B has a trapczoidd diape and is spattaBy constricted in 
20 the diannd 32B by this materid transport pattern. 

Figure 8(c) shows a floating mode loading. The andyte is pumped from 
reservoir ISB to 18B as in the pmchcd iiqection except no potsntid is appUed to 
reservoirs 12B and 20B. By not controlling the flow of mobile phase (buffer) in channd 
portions 26B and 34B. the andyte is free to expand into thes2 dumnds through 
25 convective and difiRidve flow, thereby resulting in an extended injection plug. 

When comparing the pmched and floating mjections. the pinched injection 
is superior in three areas: tempord std>iUty of the injected volume, the precision of the 
ityected volume, and plug length. When two or more andytcs xvith vastiy differcm 
mobtUties are to be andyzed. an injecfion with tcrapord std>ilil> insures that equd 
30 volumes of the fester and dower moving analytcs are mtroduccd into the separation 
column or channd 34B. The high reprodudbility of the injection vdume feciUtatcs the 
abiUty to perform quantitative andysis A smdlcr plug length leads to a higher 
separation effidency and, consequenUy. to a greater component capacity for a given 
instrument and to higher speed separations. 

To determine the tempord stability of each mode, a scries of CCD 
fluorescence images were coUccted at 1.5 second intervds starting just prior to the 
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analyte reaching the injection intersection 40B. An estimate of ^h^ amount of analyte 
that is injected was determined by integrating the fluorescence in the intersection 40B 
and channeb 2<SB and 34B. This fluorescence is plotted versus time in Figure 9. 

For the pinched injection, the injected volume stabils/es in a few seconds 
S and has a stability of 1 % relative standard deviation (RSD), which is comparable to the 
stability of the illuminating laser. For the floating injecticm, the amcunt of analyte to be 
injected into the separation channel 34B increases with time because of the dispersive 
flow of analyte into channels 26B and 34B. For a 30 second injection, the volume of the 
injection plug is ca. 90 pL and stable for the pinched iiyection versus ca. 300 pL and 

10 continuously increa^ng with time for a floating injection. 

By monitoring the separation channel at a point 0.9 cm from the 
intersection 40B, the reproducibility for the pinched injection node was tested by 
integrating the area of the band profile following introduction into ths separation channel 
34B. For six injections with a duration of 40 seconds, the reproducibility for the pinched 

IS injection is 0.7% RSD. Most of this measured instability js fit>m the optical 
measurement system. The pinched injection has a higher reproducibility because of the 
temporal stability of the volume iiuected. With electronically controlled voltage 
s^tching, the RSD is ocpeeted to uoqirove for both schemes. 

The injection plug width and, ultimately, the resohition between analytes 

20 depends largely on both the flow pattern of the analyte and the dimenuons of the 
injection cross or intersection 40B. For this column, the width of the channel at the top 
is 90 fim, but a channel width of 10 pm is feasible which would lead to a decrease in the 
vohime of the injection plug from 90 pL down to 1 pL with a pinched injection. 

There are situations where it may not be desirable to reverse the flow in 

25 the separation channel as described above for the "pinched" and "floating" injection 
schemes. Examples of such cases might be the injection of a new sample plug before the 
preceding plug has been completely eluted or the use of a post-column reactor where 
reagent is continuously being injected into the end of the separation column. In the latter 
case, it would in general not be desirable to have the reagent flowing back up into the 

30 separation channel. 



Alternate Analyte Injector 

Figure 10 illustrates an alternate analyte injector sys'tem IOC having six 
different ports or chaimels 26C, 30C, 32C, 34C, 56, and 58 respectively connected to sbc 
35 diflfcrent reservoirs 12C, 16C. ISC, 20C. 60. and 62. The letter C after each element 
number indicates that the indicated element is analogous to a corresiiondingly numbered 
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dements of Figure I. The microchip laboratory system IOC is sir.iilar to laboratoiy 
systems 10, lOA. and lOB described previously, in that an injection cross or intersection 
40C is provided. In the Figure 10 embodiment, a second intersection 64 and two 
additioma resefvwrs 60 and 62 are also provided to overcome the prtblcms with 
reversii^ the flow in the separation channel 

Like the previous embodunents, the analyte injector system IOC can be 
used to implement an analyte separation by dectrophoraaia or diromatography or 
dispense material into some other processing element In the laboratory system IOC. the 
reservoir I2C contains separating buflEfar, teseivoir 16C comains the analyte. and 
reservoirs 18C and 20C are waste rescrvobs. Intersection 40C prcfe ably is operated m 
the pinched mode as in the embodiment shown in Figure 6. The lower intcrsecUon 64. in 
fluid communication with reservoirs 60 and 62. are used to provide additional flow so 
that a continuous buffer stream can be directed down towards the astc reservoir 20C 
«nd, when needed, upwards toward the injection intersection 40C. Reservoir 60 and 
IS attached channd 56 are not necessary, although they improve perfbrmance by reducing 
band broadening as a plug passes the lower intersection 64. In many cases, the flow 
fiom teseivoir 60 will be symmetric with that from reservoir 62. 

Figure 11 is an enlarged view of the two intersections 40C and 64. The 
different types of arrows show the flow directions at given instances in time for irijection 
20 of a plug of analyte into the separation dwmd. Tte solid arrows show the truthd flow 
pattern where the analyte la dectrokimstically pumped into the upp.=r intersection 40C 
and "pinched- by material flow from reservoirs 12C, 60. ami 62 toward this same 
intersection. Flow away from the injection intersection 40C is ctiried to the analyte 
waste reservoir 18C. The analyte is also flowing from the reservoir 16C to the analyte 
waste rescfvoir 18C. Under these conditions, flow from reservoir 60 (and reservoir 62) 
is also going down the separation diamid34C to the waste reservoir 20C Suchaflow 
pattern is created by simuluneously controlling the dectrical potentials at all six 

reservwrs. . 

A plug of the analyte is injected through the mject^n mtersertion 40C 

into the separation dumnel 34C by switdibg to the flow proffle shown by the short 
dashed arrows. Buffer flows down from reservoir 12C to the u^eclion imersecuon 40C 
and towards reservoirs 16C. 18C and 20C. Tins flow profile also pushes the andytc 
plug toward waste reservoir 20C mto the separation channd 34C as described before. 
This flow profile is hdd for a sufficient length of time so as to move the analyte plug past 
35 the lower intersection 64. The flow ofbuffcr from reservoirs 60 ami 62 should be low as 
indicated by the short arrow and into the separation chamid 34C to minimize distortion. 
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The distance between the upper and lower intersections 40C and 64, 
respectively, should be as smaU as possible to minimize plug distortion and criticality of 
timing in the switching between the two flow conditions. Electrodes for sensing the 
electrical potential may also be placed at the lower intersection and \<i the channels 56 
5 and 58 to assist in adjusting the dcctfical potentials for proper flow control. Accurate 
flow control at the lower intersection 64 may be necessary to prevent undesired band 
broaderung. 

After the sample phig passes the lower intersecdon, the potentials are 
switched back to the initial conditions to give the original flow profile as shown with the 

10 long dashed arrows. This flow pattern will allow buffer flow into the separation channel 
34C while the next analyte plug is being transported to the plug fijnmng region in the 
upper intersection 40C. This iigection scheme wiU allow a rapid succession of injections 
to be made and may be very important for samples that are slow to migrate or if it takes 
a long time to achieve a homogeneous sample at the upper intersection 40C such as with 

15 entangled polymer sohitions. This implementation of the pinched injection also 
maintains uiudirectional flow through the separation channel as naghi be reqmred for a 
post-column reaction as discussed below vnth respect to Hgure 22. 

ggrp™*'"« Channel 

20 Another embodiment of the invention is the modofiod anafyte mjector 

system lOD shown in Figure 12. The laboratory system lOD shown m Fipjre 12 is 
substantially identical to tiie taboratory system lOB shown in BgMre 6. except riat the 
separation channel 34D follows a serpentine path. The serpentine paih of die separation 
channel 34D altows the length of the separation channel to be greatiy increased without 
25 substantially increaang the area of die substrate 49D needed to implement the serpent'me 
patii. Increasing the length of the separation channel 34D increases the abUity of the 
laboratory ^tem lOD to distinguish dements of an analyte. In one particularly 
preferred embodiment, the enclosed length (tiut which is covered by tiie cover plate 
A9Ty) of the dianncls extending from reservoir 16D to reservoir 18D is 19 mm, whUe the 
30 length of channd portion 26D is 6.4 mm and channd 34D is 17 1 mm The turn radius of 
each turn of the channel 34D, which serves as a separation column, is 0. 1 6 mm. 

To perform a separation using the modified analyte iiijector system lOD, 
an analyte is first loaded into the injection mtersection 40D using one of tiie loading 
metiiods described above. After the analyte has been loaded into the intersection 40D of 
35 tiie microchip laboratory system 10. tiie voltages arc manuaUy switched from the loading 
mode to the run (separation) mode of operation. Figures I3(a>13(e) Ulustrate a 
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separation of rhodamlne B Qcss retained) and stiUbrhodamiae (more retained) using the 
IbDowing conditions: E^=400V/cni. E^-lSOV/cm, buffi.r = 50 iiiM sodium 
tetraborate at pH 9.2. The CCD images demonstrate the separation process at 1 second 
intervals, with Figure 13(a) showing a schematic of the section of tlic chip imaged, and 

5 with Figures 13(b)-13(e) showing the separation unfold. 

Figure 13Cb) again shows the pinched Injection with the applied voltages 
at reservoirs 12D. 16D, and 20D equal and reservoir 18D grounded. Figures 13(c> 
13(b) shows the plug moraqg away from the intersection at 1, 2, and 3 seconds, 
fcspecthrely, after switching to the run mode. In Figure 13(c). t>« injection phig is 

10 mooting around a 90^ turn, and band distortion is visible due to the inner portion of the 
phig travding less distance than the outer portion. By Figure 13(d i, the analytes have 
separated into distinct bands, which are distorted in the shape of a parandogram. In 
Figure 13(e), the bands are wcU separated and have attained a more rectangular shape. 
i.e., collapsing of the parallelogram, due to radial diffiision, an additii>nal contribution to 

IS efficiency loss. 

When the switch is made from the load mode to the tun mode, a dean 
break of the injection plug from the analyte stream is desired to avoid tailing. This is 
achieved by pumping the mobile phase or buffer from dwraid 26D into channds 30D, 
32D. and 34D simultaneously by maintainuig the potential at the intersection 40D below 

20 the potential of reservoir 12D and above the potentials of reservoirs 16D. 18D. and 20D. 

In the representatwe experiments described herdn, i:ie intersection 40D 
was maintained at 66% of the potential of reservoir 12D during tlie run mode. This 
provided sufficient flow of the analyte back away from the injectttm mterseciion 40D 
down channds 30D and 32D without decreasing the fidd strength in the separation 

25 channd 34D significantly. Alternate channd designs would allow a greater firaction of 
the potentwl applied at reservoir 12D to be dropped across the separation channel 34D. 

thereby improving efiidency. 

This three way flow is demonstrated in Figures 13(c)-13(e) as the 
analytes in channels 30D and 32D (lefk and right, respectively) movs fiiithcr away from 
30 the intersection with tune. Three way flow permits wefl-dt-iined, rcprodudblc injections 
with muiimd bleed of the andyte into the separation channd 34D. 



Detectors 

In most applications envisaged for these integrated microsystems for 
35 chemical andysis or synthesis it wni be necessaiy to quantify the inateridpresem in a 
channd at one or more positions simUar to conventiomd labo-atory measurement 
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processes. Techniques typically utilized for quantification indude, buc are not limtted to, 
optical absorbance, refractive index changes, fluorescence emission, chemiluminescence, 
various forms of Raman apcctroscopy, etectrical conduciometric measurements^ 
dectrochemical amperiometric measurements, acoustic wave propagation meastireincnts 
5 Optical absorbence measurements are commonly employed with 

convent ional laboratory analysis systems because of the generality of the phenomenon m 
the UV portion of the electromagnetic q)ectrum. Optical absorbence is commonly 
determined by measuring the attenuation of impinging optical power hs it passes through 
a known length of material to be quantified. Alternative approaches are possible with 

10 laser technology including photo acoustic and photo thermal .techniques. Such 
measurements can be utilized with the microchip technology discussed here with the 
additional advantage of potentiatly integrating optical wave guides on microfabricated 
devices. The use of solid-state optical sources such as LEDs and diode lasers vnth and 
without frequency conversion elements would be attractive for reduciion of system size. 

IS Integration of solid state optical source and detector technology onto a ciup does not 
presently appear viable but may one day be of interest. 

Refractive iixlex detectors have also been conunonly used for 
quantiflcation of flowing stream chemical analysis ^tems because of generality of the 
phenomenon but have ^icaDy been less sensitive than optical absorption. Laser based 

20 implementations of refractive index detection could provide adequate sensitivity m some 
siniations and have advantages of simplicity. Fluorescence emission (or fluorescence 
detection) is an extremely sensitive detection techiuque and is comrr.only employed for 
the analyas of biological materials. This approach to detection ha5. much relevance to 
miniature chemical analysis and synthesis devices because of the sensitivity of the 

25 technique and the small volumes that can be manipulated and analyzed (volumes in the 
picoliter range are feasible). For example, a 100 pL sample vcjlume with 1 nM 
concentration of analyte would have only 60^000 analyte molecules to be processed and 
detected- There are several demonstrations in the literature of detecting a single 
molecule in solution by fluorescence detection. A laser source is often used as the 

30 excitation source for ultrasensitive measurements but conv^itional fi^^fat sources such as 
rare gas discharge lamps and light emitting diodes (LEDs) are also used The 
fluorescence emission can be detected by a photomultiplter tube, photodiode or other 
light sensor. An array detector such as a charge coupled device (CCD) detector can be 
used to image an analyte spatial distributioa 

3S Raman spectroscopy can be used as a detection mcahod for microdup 

devices with the advantage of gaining molecular vibration<il infomuition, but with the 
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disadvantage of relatively poor sciuativity. Sensitivity has been increased through 
sutftce enhanced Raman spectroscopy (SERS) eflfectt but only at the research level. 
Electrical or electrochemical detection approaches are also of partxular interest fcr 
implementation on microchip devices due to the ease of integration onto « 

5 microfabricated structure and the potentially high sensithHty that ca^ The 
most general approach to electrical qoanfification is a conductometnc maasuremenl. ie.. 
a measurement of the conducthaty of an ionic sample. The piesetce of an wmad 
analyte can correspoiKfingly increase the conductivfty of a fluid and thus allow 
quantification. Amperiomeiric measwements imply the measuremem of the current 

10 through an electrode tt a ffven electrical potential due to the reduction or oxidation of a 
molecule at the electrode. Some selectwhy can be obtained by controlling the potential 
of the electrode but H is minimal. Amperiometric detection is a less general techmque 
than conductivity because not aU molecules can be reduced or oxidized within the hmrted 
potentials that can be used with common solvents Sensitwities in the I nM range have 

15 been demonstrated in small volumes (10 nL). The other advantage of this techmque ,s 
that the nwriber of electrons measured (through the currcm) is equal to the number of 
molecules present. The electrodes required for either of these detecUon methods can be 
included on a microfebricated device through a photolhhographic pettermng and metal 
deposition process. Electrodes could also be used to initirte a chemilummescence 

20 detection process. an excited state molecule .s generated via an oxid.tioo-reductK>n 
process which then transfers its energy to an andyte molecule, subsequently emrttmg a 

photon that is detected. 

Acoustic measurements can also be used for quannrcation of matenaU 
but have not been widely used to date. One method that has been us«J prim«ily for ^ 
25 phase detection is the attemiation or phase shift of a surfiice «««st,c wave (S^. 
Adsorption of material to the surf«« of a substrate where a SAW is propagating af!ects 
the piopagation characteristics and allows a concentration determinauon Selective 
«Hbents on the surfoce of the SAW device often used. Simitar techniques may be 

usefijl in the devices described herein. 
30 The mixing capabilities of the microchip laboratory systems described 

herein lend themselves to detection processes that include the addiiion of one or more 
reagenu. Dcrivatization reactions are commonly used in biochemical assays. For 
exlple. amino acids, peptides and proteins are commonly tebelod with dansyhitmg 
reagents or o-phthaldialdehyde to produce fluorescent molecules that are easily 
35 detectable. Alternatively, an enzyme could be used as a labding molecule and reagents, 
including substrate, could be added to provide an enzyme ampUfied detection scheme. 
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i.e., the enzyme produces a detectable product. There are many examples where such an 
approach has been used in conventional laboratory procedures to enhance detection, 
either by absorbence or fluorescence. A third example of a detection method that could 
benefit from integrated mbdng methods is diemihumnesccnce detei:tion. In these types 
S of detection scenarios, a reagent and a catalyst are mixed with ftn appropriate target 
molecule to produce an excited state moleoule that emits a detectable photon. 

An^^ly^e Styslfire 

To enhance the sensitivity of the microchip laboratory system lOD, an 
10 analyte pre-concentration can be performed prior to the separaiion. Concentration 
enhancement is a valuable tool espedally when analyzing enviroiimental samples and 
biological materials, two areas targeted by microchip technology. Analyte stacking is a 
convenient technique to incorporate with electrophoretic analyses To employ analyte 
stacking, the analyte is prepared in a buffer with a lower conductivjiy than the separation 
15 buffer. The difference in conductivity causes the ions in the anilyte to stack at the 
beginning or end of the analyte plug, thereby resulting in a concimtrated analyte plug 
portion that is detected more easily. More elaborate preconcentration techniques include 
two and three buffer systems, i.e., tran^ent isotachophoretic preconcentration. It vmII be 
evident that the greater the number of solutions involved, the more difficult the injection 
20 teduiique is to implement. Pre-concentration steps are well suited for implementation on 
a microchip. Electroosmotically driven flow enables separation and sample buflfers to be 
controlled without the use of valves or pumps. Low dead volume connections between 
channel can be easily &bricated enabling fluid manipulation with high precision, speed 
and reproducibility. 

25 Referring again to Figure 12, the prc-concentratiDn of the analyte is 

performed at the top of the separation channel 34D using a modif ed gated injection to 
stack the analyte. First, an analyte plug is introduced onto the $c]jaration chaimcl 34D 
ushig electroosmotic flow. The analyte plug is then follo^ved by rrore separation buffer 
from the buffer reservoir I6D. At this point, the analyte stacks at the boundaries of the 

30 analyte and separation buffers. Dansylated amino acids were used as the analyte, which 
are anions that stack at the rear boundary of the analyte buffer plu^. Implementation of 
the analyte stackmg is described along with the effects of the stacking on both the 
separation effiden^ and detection Hnuts. 

To employ a gated injection using the microclup laboratory system lOD, 

35 the analyte is stored in the top reservoir 12D and the buffer is stored in the left reservoir 
16D. The gated injection used for the analyte stacking is perifonned on an analyte having 
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an tonic itrength that is less than that of the lunniog buffer. BuCfer is tiansported by 
dectroosmosis fiom the buflfer reservoir I6D towards both (he analyte waste and waste 
reservoirs 18D, 20D. This buffer stream prevents the analyte fion bleeding mtd fte 
separation channel 34D. WitKn a representative embodinnent, the r^slaitive potentials at 
5 the buflto, analyte. analyte waste and waste reserwMTS are 1. 0.9, 0.7 and 0,iBspocti^ 
For 1 kV applied to the microdiip. the field strengths in the buQer. analyte. analyte 
waste, and separation channels duting the separation are 170, 130, ISO, and 120 V/cm. 
respectivdy. 

To inject the analyte onto the separation channel 34D. the potential at the 
10 buflfer reservoir 1«D is floated (opening of the high vohage switch) lor a brief period of 
time (0.1 to 10 s), and analyte migrates into the separation channel. For 1 kV applied to 
the microchip, the fidd strengths in the buBfer, sample, sample waste, and separation 
channels during the injection are 0. 240, 120, and 1 10 V/cni, rc$pcct«vdy. To break off 
the analyte plug, the potential at the buffer reservoir 16D is reapplied (dosing of a high 
15 voltage switch). The volume of the analyte plug is a funcUon of the injection time, 
dectric fidd strength, and dectrophoretic mobiliQr. 

The separation buffer and analyte compositions can be quite different, yet 
with the gated mjections the integrity of both the analyte and buJIer streams can be 
altematdy maintained in the separation channd 34D to paform the stacking operation. 
20 The analyte stacking depends on the rdatwe conductivity of the separation buffer to 
analyte. y- For example, with a 5 mM separation buffer and a 0.5 16 mM sample (0.016 
mM dansyl-lysine and 0.5 mM sample buflferX y is equal to 9.7. Figure 14 shows two 
mjection profiles for didansyl-lysine iigected fi»r 2 s with y equal to 0.97 and 9 7. The 
iiyeaion profile with y « 0.97 (the separation and sample buffers are botii 5 mM) shows 
25 no stacking. The second profile witi» y = 9.7 shows a merest enkmcement of 3.5 for 
rdativB peak heists over the injection witii y - 0.97. Didansyl-lys ne is an amon. and 
tiws stacks at the rear boundary of tiie sample buffer plug. In addition to increasing tiie 
analyte concentration, the spatial extent of tiie plug is confined. The mjection profile 
with y - 9.7 has a width at half-hdght of 0.41 s. while the injection profile witii y - 0.97 
30 has a width at half-height of 1.88 s. The dectric fidd strengUi m the separation channd 
34D during the injection Cmjcction fidd strcngtii) is 95% of tiie dectric fidd strength in 
Uie separation diannd during tiie separation (separation fidd strenijtii). These profiles 
are measured while the separation fidd strength is applied. For an iijection time of 2 s. 
an Injection plug width of 1 .9 s is expected for y - 0.97. 
35 The concentration enhancement due to stacking was evaluated tot several 

sample plug lengtiis and rdative conductivities of the separation bufl er and analyte. The 
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enhancement due to stackii\g increases with increasing relative corductivities^ y. In 
Table 1, the enhancement is listed for g from 0.97 to 970. Although the enhancennent is 
largest when y ^ 970, the separation efficiency suffers due to an decuoosmotic pressure 
ori^natix^g at the concentiatton boundary when the relative conductivity is too large. A 

5 compromise between the staddng enhancement and separation effidency must be 
reached and y " 10 has been found to be optimal. For separations performed %ang 
stadced injections imth y • 97 and 970, didansyl-iysine and danqri-isoleuGine could not 
be resolved due to a loss in efiSdency. Also, because the iigectiim process on the 
ndcrochip is computer controlled, and the cohimn b not ph>-sically transported from vial 

10 to vial, the reprodudbility of the stacked iigections is 2. 1% rsd (perce it rdative standard 
deviation) for peak area for 6 replicate analyses. For comparisor, the non-$tackcd« 
gated injection has a 1.4% rsd for peak area for 6 replicate analyses, and the pinched 
injection has a 0.7S% rsd for peak area for 6 replicate analyses. These correspond well 
to reported values for large-scale, commercial, automated capill:ury dectrophoresis 

IS instruments. However, injections made on the microchip are « loO times smaller in 
volume, e.g. 100 pL on the microchip versus 10 nL on a commercial instmmcnu 

Table I : Variation of stacking enhancement with relative conductivily^ 



Concentration Enhancement 



0.97 1 

9.7 6.5 

97 1L5 

970 13.8 



20 

Buffer streams of different conductivities can be acoirately combined on 
microdups. Described herdn is a simple stacking method, altho jgh more elaborate 
stacking schemes can be employed by fribricating a mia'ochip wUh additional buffer 
reservoirs. In addition, the leading and trailing electrolyte buffers can be selected to 

25 enhance the sample stacking, and ultimately, to lower the detectioi limits beyond thai 
demonstrated here. It is also noted that much larger cnhancemcr^ts arc expected for 
inorganic (elemental) cations due to the combination of field ampliiied analyte injection 
and better matching of analyte and buffer ion mobilities. 

Regardless of whether sample stacking is used, the tmcrodiip laboratory 

30 system lOD of Figure 12 can be employed to achieve electrophorectic separation of an 
analyte composed of rfaodamine B and sulforhodaminc. Figure 15 r e electropherograms 
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(a) 3 3 cm, (b) 9.9 cm, and (c) 16.5 cm from the point of injection for liiodamine B 
Oess retained) and sulforhodaminc (more retained). These wen. tdcen usmg the 
following conditions: injection type was pinched. = SOOV/cm, - 170 V/cm^ 
bu»r - 50 mM soditim tetraborate at pH 9 J. To obtain electropheiograms m the 
5 conventional mamier, single pdntdetecUon with the hdhim-neon laser <gn^ 
used at different locations down the axis of the separation channel 34D. 

An important measure of the utility of a separation system is the number 
of plates generated per unit time, as given by the formuU 

10 m-L/(Ht) 

where N U the mimber of theoretical plates, i is the separation time. L is the length of the 
«ptfation column. «»d H is the height «juivalent to a tlieoreticaJ plate. The plate 
height, H, can be written as 



IS 



25 



where A is the sum of the contributions from the injection plug Icng -h ami the detector 
path length. B b equal to 2D„ where D. is the diffiunon coefficient for the andyte m the 
buflfer, and u is the linear velocity of the analyte. 
20 Combining the two equationa above and substitutine u - pE where p is 

the effective dcctrophoretic mobiBty of the analyte and E is the electric field strength, 
the plates per unit time can be expressed as a ftmction of the electric Hdd strength: 

NA = (ME)»/(AiiE + B) 

At low dectiic fidd strengths when a»al dififiiaon is the dominant form 
of band dispersion. fl.e term AfiE is smaU relative to B and consequcnUy. the mimber of 
plates per second iroaeases with the square of the electric field strength. 

As the dettric fidd strength increases, the pUite hdght approaches a 
constant vdue. and the pl-tes per unit time increases lineaHy with the dectric field 
strength because B is smaU relative to A,iE. It is thus «lvantageous to have A as small 
as possible, a benefit ofthe pinched injection scheme. 

The efficiency of the dectrophorectic separation of ihodaraine B and 
sulforhodaminc at ten ev«dy spaced positions was monitored, eadi ^nstituting a 
«marate experimem. At 16.5 cm from the point of iiuection, the effiaenctes of 
rimdamine B znd sulforhodamine are 38.100 and 29.000 olates, respectively. 



30 
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Efficiencies of this magnitude arc sufficient for many separation applications. The 
Unearity of the data provides information about the unifoimity and quality of the channel 
along its length. If a defect in the channel. e.g„ a large pit, was present, a sharp decrease 
in the efficiency would result; however, none was detected. The efficiency data are 

5 plotted in Figure 16 (conditions for Figure 16 were the nme as for Figure 15). 

A similar separation experirooit was performed usu^g the microchip 
analyte injector lOB of Figure 6. Because of the straight separation channel 34B. the 
analyte injector lOB enables fiuier separations than are possible using the serpentine 
separation channel 34D of the ahcmate analyte injector lOD shown in Figure 12. In 

10 addition, the dectric field stnaigths used were higher (470 V/cm ami 100 V/cm for the 
buffer and separation channels 26B. 34B, lespeclWely), which further increased the 

speed of the sepaiations. 

One particular advantage to the planar microclup labo -atory system lOB 
of the present invention is that with laser Induced Huoresccnce the poi it of detection can 
15 be placed anywhere along the separation column. The electruphcrogrLms are detected at 
separation lengths of 0.9 mm. 1.6 ram and 11. 1 mm from the injectiun imcrsection 40B. 
The 1.6 mm and 11.1 mm separation lengths were used over a ranjc of electric field 
strengths from 0.06 to 1.5 kV/cm. and the separations had baseline resohition over this 
range. At an electric field strength of 1.5 kV/cm, the analytcs. rhodamine B and 
20 fluorescein, are resolved in less than 150 ms for the 0.9 ram separatiun length, as shown 
in Figure 17(*). in less than 260 ms for the 1 .6 mm separation length, as shown in Figure 
17(b), and m less than 1 .6 seconds for the 1 1 . 1 mm separation length, as shown in Figure 
17(c). 

Due to the trapezoidal geometiy of the channels, the upper comers make 
25 it difficult to cut the sample plug avwiy predsdy when the potentials are switched from 
the sample loading mode to the separation mode. Thus, tlie injection plug has a slight 
tail associated with it. and this effect Fobably accounts for the tail ng observed in the 
separated peaks. 

In Figure 18. the number of plates per second for the 1.6 mm and 
30 ll.l mm separation lengths are plotted versus the dectiic field strenijth. The number of 
plates per second quickly becomes a linear fimction of the dectric field strength, because 
the plate height approaches a constant value. The symboU in Figi.re 18 represent the 
experimental data collected for the two analytcs at the 1 .6 mm and 1 1.1 mm separation 
lengths. The lines are calculated usmg the prcvioujdy-stated equation and the 
35 cocffidcnis arc experimentally determined. A sUght deviation is seen between the 
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the buflfer reservoir 12D. This method of loading vid injecting tt-e sample is time- 
indqpendent, non-biased and reprodudble. 

In Figure 19, a chromatogram of the coumarins is shown for a linear 
velocity of 0.6S mm/s. For C440, 1 1700 plates was observed which corresponds to 120 

S plates^s. The most reUuned component, C460, has an cfHdency iieariy an onder of 
magnitude lower than for C440» which was 1290 plates. The unduladng background in 
the chromaiograms is due to background fluorescence from the glass substrate and 
shows the power instability of the laser. Tlus^ however, did not hamper the quality of 
the separations or detection. These results compare quite well with conventional 

10 laboratory tBgh Performance LC CHPLC) techniques in terms of olate numbers and 
exceed HPLC in speed by a &ctor often. Efficiency is decreasing Mith retention ftster 
than would be predicted by theory. This effect may be due to overloading of the 
monolayer stationary or kmetic effects due to the high speed of the se saratton. 

IS fficdbr Elpctrokinctic Cap illary Chromatography 

In the eicctrochromatography experiments discussed above with respect 
to Figure 19, sample components were separated by their partitionirjj interaction with a 
stationary phase coated on the channel walls. Another method of separating neutral 
analytes is miceUar electrokinetic capillary chromatography (MECC). MECC is an 

20 operational mode of electrophoresis in wMch a sur&ctant such as soclhim dodecylsuUale 
(SDS) is added to the buffer in sufficient concentration to form micelles in the buffer. In 
a ^ical experimental arrangement, the micelles move much more slowly toward the 
cathode than does the surrounding buffer solution. The partitiorung of solutes between 
the micelles and the surroumUng buffer solution proves a separation mecharusm similar 

25 to that of liquid chromatography. 

The microchip laboratory lOD of Figure 12 was used to perform on an 
analyte composed of neutral dyes counuuin 440 (C440), coumarin 450 (C4S0X and 
coumarin 460 (C460, Exctton Chemical Co., Inc.). Individual stoik solutions of each 
dye were prepared in methanol, then diluted into the analysis buff^ before use. The 

30 concentration of each dye was approximately 50tiM unless indicated otherwise. The 
MECC buffer was composed of 10 mM sodium borate CpH 9.1), 50 mM SDS, and 10% 
(vAr) methanol. The methanol aids in solubiltsdng the coumarin dyes in the aqueous 
buffer system and also affects the partitioiung of some of the dyes inio the micelles. Due 
care must be used in working with coumarin dyes as the ehcmical, physical, and 

3 5 toxtcological properties of these dyes have not been fulfy invesugated. 
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The microchip laboratory aystem lOD was operatetl in the "piiichcd 
imcction" mode described previously. The voltages applied to the rcaervcrirs are «t to 
either loading mode or a "run" (separation) mode. In the loadin:{ mode, a firontd 
chromatogram of the aoliition in the -ulyte reservoir 16D is pumped elcctroo«nat.crily 
5 through the intersection and into the andyte waste leservoirlSD. Voltage, applied to 
the buffi^ >»d waste rew^ira abo cau« wesk flows into the intersection ftom the 
sides, and then into the analyte waste reservoir lffl>. The diip remain, in this mode^^ 
the dowest moving component of the analyte has passed through the intersection 40D. 
At this pomt. the «»alyte phig in the intersection is representative of liie analyte sohition. 

10 withnodedroltineticWas. ^ '„ . ^i^x. 

An ii^ection is made by switching the chip to the *run mode which 
changes the voltages applied to the reservoirs such that buffer now flows from the buf&r 
teseivoir 12D through the intersection 40D imo the separation channel 34D toward the 
waste reservoir 20D. The plug of analyte that was in the intersection 40D is swept mto 
15 the separation chamid 34D. Proportionately lower voltages are «p.>Ued to the analj^ 
«d .lalyte waste resen«>irs 16D, 1 8D to cause a weak flow of bu-fe from the buffer 
reservoir 12D into these channels. These flows ensure that the sariple phig .s cleanly 
1,roken off" from the analyte stream. ««1 that no excess «ialyte leak., mto the separatKm 

channel during the analysis. ^ ^ r-^sn 

20 nw resuhs of the MECC analysis of a mixture of C440. C450. and C460 

are shown in Figure 20. The peaks were identified by indWdual enalyscs of each dye 
The migiaHon time stability of the first peak. C440. with changine methanol 
concentration was a strong indicator that this dye did not partition l.uo the micdles to a 
significant extent. Therefore it was considered ^ dectroosmoilc flow marker with 
25 X-ion time to. The last peak. C460. was as^cd to be a m«.1cer the m,ce«ax 
,rtgiat»ontime.tm. Using these values of tO and tm f«,m the data « Figure 20^he 
cal^ elution range. tO/tm. is 0.43. This agrees wdl with a litc^ure value of tOAm 
= 0 4 for a similar buffer system, and supports our assumption. These results compare 
weU with conventional MECC performed in capaiaries and also show, some advant^ 
30 overtheelectrochromatographyexperimemdcsail«dabovetatha.e^ 

v«th retention ratio. Further advantages of this approach to separatmg neutral speaes u 
that no surface modification of the waDs is necessary and that thi stationary phase « 
continuously refreshed during experiments. 
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fnyrffanic Ion Analysis 

Another laboratory analysis that can be performed on either the 
laboratory system lOB of Figure 6 or the laboratoiy system lOD of Figure 12 is 
inorganic ion analysis. Using the laboratory system lOB of Figu;e 6, inorganic ion 
5 analysis was performed on metal ions coaqdexed with S-hydroxyijuinoline-S-sulfbiuc 
add (HQS) whidi are separated by dectrophorens and detected with UV laser mduced 
fluorescence. HQS has been widely used as a Ugand for optical determinalions of metal 
ions. The optical properties and the sohibili^ of HQS in aqueous media have recently 
been used for detection of metal ions separated by ion chromatooraphy and Gapillaiy 
10 dectrophore«9. Because uncompleted HQS does not fluoresce, exi^ess l^gand is added 
to the buffer to maintain the complexadon equilibria during the separation without 
contributing a large background signal. This benefits both tht: eOBdency of the 
separation and detectability of the sample. The compounds used for the experiments arc 
zinc sul&te, cadmium nitrate, and aluminum rairate. The buffer is sodium phosphate (60 
IS mM, pH 6.9) with 8- hydroxyquinoline-S-sulfonic acid (20 mM for all experiments 
except Figure 5; Sigma Chemical Co.). At least SO mM sodium phosphate buffer is 
needed to dissolve up to 20 mM HQS. The substrate 49B used was fused quartz, which 
provides greater visibility than glass substrates. 

The floating or pinched ana^e loacBng, as described previously with 
20 respea to Figure 6. is used to transport the analyte to tlie injectiim intersection 40B. 
With the floating sample loading, the injeaed plug has no dectropboretic bias, but the 
volume of sample is a fimction of the sample loading time Because the sample loading 
time is inversdy proportional to the field strength used, for high injixrtion field strengths 
a shorter injection time is used than for low injection field strengths. For example, for an 
2S iryection field strength of 630 V/cm (Figure 3a), the injection time is 12 s, and for an 
injection field strength of 520 V/cm CFigurc 3b), the injection time is 14,5 s. Both die 
pinched and floating sample loading can be used with arid without suppression of the 
electroosmotic flow. 

Figures 21(a) and 210>) show the separation rf three metal ions 
30 complexcd with 8-hydroxyquinoline-5-sulfoiuc acid. AH three complexes have a net 
negative charge. With the electroosmotic flow minimized by the covalent bonding of 
polyacrylamide to the channel walls, negative potentials relative \n ground are used to 
manipulate the complexes during sample loading and separation. In Figures 21(a) and 
21(b), the separation channel field strength is 870 and 720 V/cm. respectively, and the 
35 separation length is 16.S mm. The volume of tiie injection plug is 120 pL which 
corresponds to 16. 7, and 19 finol injected for Zn, Cd, and Al, respectively, for Figure 
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4a. m Figure 4b. 0.48. 0.23. «hI 0.59 find of Zn. Cd, .nd Al, 
o«to the separation column. The avemse reprodudbUiQr of tin: amounts mjccted « .6 /. 
rsd (pereent relative «andard deviation) as measured by peak 
.nalyw). The .tabifity of the laser used to ocdte the complexes .i « l^ «d. The 
5 detection Emits are m.rai^ewheieuseM analyses can be p«^^ 

An Hemate microchip hdionttory system 1 OE is shown m Figure 22. The 
five-port pattern of ch«mel. U disposed on a substrate 49E and whh a cover .lip 49F 
10 as in the previously-described onbodimems. The microchip l»ibo-atoiy ^cm lOE 
embodiment was fabricated usHig standard photolithographic, wet ch^muorf etching, and 
bonding technicMes. A photomask was fibric^ed by .puttying chrc me (50^^^ 
glass slide »id ablating the chminel design into the chrome film vu. a CAD/CAM la«r 
Nation system (Resonetics. Inc.). The channel design was then i.-anrferrcd onto the 
,5 substr.tesusing.positivephotoresist.ThechanneIswerectchedin.0^ 

dfluieHffN^Fbath. To form the separation channel 34E. a coverp late was bond«l to 
the substrate over the etched chamids using « direct bonding technique. The surfac^ 
were hydrolyzed m dilute NH.OH/H.Cb soUition, rinsed in ddonizcd, filtered H,. jomcd 
and then annealed at 500-C. Cylindrical glass reservoirs ucic affixed on the substrate 
20 using RTV sUicone (made by Gcncnd Electric). Platinum electrode, provuied electn«l 
contact from the voltage controUer 46E (Spellman CZEIOOOR) to the sduttons m the 

The channel 26E U m o« eii*o«iiiciit 2.7 nmi in '«ig* ftom ^ 
^oi, I2E to the imenecu™ 4(ffi. wW. the d»nnel 30E i. ro nm ««1 «!« ft"! 

25 *«nd32EU6.7mm, ■n„.f^^i'^ ''---^«'*>'<>^;<"^^ 
tengU^ due to th. riditta of . «.ge« ««r™r 22E «Weh h» , n=««« 

^lneCUtoti««P»«kM.d«nnd34Ett.n«i.,.«.44E. the of ^ 

«p.»,k« d««nd i. mewt-ed fton. the int-^otion 40E « *e <« 
^Td-nnd « «tt»«itog fhm. the .nixing tee 44E » 
30 ,.^c.)«nmorA»»A™li»theillu«r..edcn*odin«>«thUch««d,.IO.»^ 

iMglh. Th.lengIhofthetagenlch«md36EUII.6rn«i . „„ ^ ,o 

IB t representaive exwnple. the Figure 22 en*o<hment wm used to 

^ „ .0^ ion l«er (3SU nm. 50 mW. Coheien. Innov. 90, f «-^^ 7*^ 
,5 »8..> ^ co..«»«. «i.h . Pbo.on,„«ip«e, M» (PMT One. 77340) ^ 

point d«ecU« «d . charge coupM device (CCD. Pnnc«« In-run-nh. Inc. 
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TE/CCD-512TKM) for imaging a region of the microchip 90. The compounds used for 
testing the apparatus were rhodamine B (Exdton Chamcal Co., Inc.) aiginine, glycine, 
threonine and o-phthaldialdehyde (Sigma Chemical Co.) A sodram tetraborate buflTer 
(20 mM. pH 9.2) with 2% (v/v) methanol and 0.5% (vAr) p-mercaptoclhanol was the 
5 buffer in aU tests. The concentrations of the amino add, OPA and rhodamine B 
solutions were 2mM. 3.7mM. and SOuM, respectivdy. Several nii conditions were 
utilized. 

The schematic view in Figure 23 demonstrates one Ota nplc when 1 Wis 
appUed to the entire system. With this voltage configuration, the electric field strengths 
10 in the separation channel 34E (M •nd the reaction channd 36E (E„.) are 200 and 425 
V/cm, respectively. This allows the combining of 1 part separation isffluent with 1.125 
pans reagent at the mbdng tee 44E. An anilyte introduction system s och as this, with or 
without post-column reaction, allows a very rapid cyde time for muhiple analyses. 

The dectropherograms; (A) and (B) in Figure 2^ demonstrate the 
15 separation of two pairs of amino adds. The voltage configuralior is the same as in 
Figure 23, except the total applied vokage is 4 IcV which correspondi: to an electric fidd 
strength of 800 V/cm in the separation column (E^) and 1.700 V/cm. in the reaction 
column (E«0 The injection times were 100 ms for the tests wluch correspond to 
estimated injection plug lengths of 384. 245. and 225 urn for arginine. glydne and 
20 threonine, respectively. The mjeciion volumes of 102. 65, and 60 pL correspond to 200. 
130. and 120 fatol injected for arginine, glydne and threonine, respectivdy. The point of 
det^ion is 6.5 mm downstream from the mixing tee which gives a total cohimn length 
of 13.5 mm for the separation and reactioa 

The reaction rates of the amino adds with the OPA are moderately ftst. 
25 but not 6st enough on the time scale of these experiments. An increase in the band 
distortion is observed because the mobilities of the derivatiaed com.TOunds are different 
fiom the pure aniino adds. Until the reaction is complete. Uie zones of unreacicd and 
reacted amino add wiU move at different vdodties causing a broaeemng of the analyte 
zone. As evidenced in Figure 24, glydne has the greatest (Uscrepaniy in dectrophoretic 
30 roobflities between the derivatired and un-derivatized amino add. To ensure that tiie 
excessive band broadening was not a fonction of the retcirtion time, threonine was also 
tested. Threonine has a slightly longer retention time than the plydne; however the 
broadeiung is not as extensive as for glydne. 

To test the efBdency of the microchip in both the separation column and 
35 the reaction column, a fluorescein laser dye, riiodamine B, wcs used as a probe. 
Efficiency measurements calculated from peak widths at half hdght were made usmg the 
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point d«t«ctaon sohcme at distances of 6 mm and 8 mm finom the inJ(«tion cross^ or 1 uhu 
upstream and 1 mm downstream from the mbdhg tee. Tlus provided infonnation on the 
eflbcU of the mixing of the two itreams. 

The electric field strengths in the reagent oobmn and the separation 
S column were approximalely equal, and the fidd atraigth in the reaction column was 
twice that of the leparation cohmui. This configuration of the allied vtdtages allowed 
an approKimately 1:1 volume ratio of derivatiaqg reagent and effluent from the 
sqwralion coltinm. As the fidd strengths increased, the degree of turbulence at the 
nuxirig tee increased. At the sqiaration cfistance of 6 mm (Imn upstream from the 
10 ouxing tee), the plate hdght as expected as the inverse of the linear velodty of the 
analyte. At the separation distance of 8 mm (1 mm upstream from the mixing tee), the 
plate hdght data decreased as expected as the inverse of ihe velocity of the analyze. At 
the separation distance of 8 mm (1 mm downstream from the mixing lee), the plate 
hdght data decreases from 140 V/cm to 280 V/cm to 1400 V/cm- This bdiavior is 
IS abnormal and demonstrates a band broademng phenomena when iwo streams of equal 
volumes converge. The geometiy of the nuxing tee was not optiiFized to minimize this 
band distortion. Above separation fidd strength of 840 V/cm. the system stabilizes and 
again the plate hdght decreases with mcreasing Bnear vdodty. For E,, » 1400 V/cm, 
the ratio of the plate hdghts at the 8 mm and 6 mm s^aration lengths is 1.22 which is 
20 not an uiucceptable loss in efficienqr for the sqMuration. 

The intensity of the fluorescence signal generated fivm the reaction of 
OPA with an amino add was tested by continuously pumpmj glycine down the 
separation channd to nux with the OPA at the mbdng tee. The flucirescence signal from 
the OPA/anuno add reaction was collected using a CCD as the product moved 
23 downstream from the mixing tee. Again, the rdative volume nuo of the OPA and 
glycine streams was 1.125. OPA has a typical half-time of reaction with amino adds of 
4 s. The average residence tinu» of an analyte molecule in Ihc window of observation are 
4.68, 2.34, 1.17, and 0.58 s for the electric field strengths in the reaction cohimn (Ebu.) 
of 240, 480. 960. and 1920 V/cm, respectivdy. The relati>-e intensities of the 
30 fluorescence correspond quaKtativdy to this 4 s half-time of resiction. As the fidd 
strength increases in the reaction d»nnd, the slope and maidmum of the intensity of the 
fluorescence shifts fiirther downstream because the gjycine and OPA are swept away 
from the mfating tec ftster with higher fidd strengths. Ideally, the t^served fluorescence 
from the product would have a step fiinction of a response fi>llow:ng the mudrig of the 
35 separation effluent and derivatizing reagent. However, the kinetics of the reaction and a 
fiiute rate of mndng dominated by difibdon prevent this from occur.-ing. 
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The separation using the port-aeparation dnmnd nactor employed a 
gated mjection scheme in order to keep the anOytc, buffer «a i^gent stieams isolated 
as discussed above with respect to Figure 3. For the post-aepanuion channel nmctions. 
the nucrochip was operated in a contmuous analyte loading/sepai^tion mode whereby 
the analyte was continuously pumped from the analyte reservoir 12E through the 
injection mtersection 40E toward the analyte waste reservoir 18E. Bulfcr was 
simultaneously pumped from the buffer reservoir IdE toward L>ie analyte waste and 
waste reservoirs 18E. 20E to deflect the analyte stream and prevent the analyte from 
migrBting down the separation channel. To inject a smaU alit^iot of analyte the 
potentials at the buffer and analyte waste reservoirs 16E. 18E are simply floated for a 
short period of time (-100 «s) to aflow the analyte to migrate down the separation 
ehannel as an analyte injection plug. To break off the injection plug, the potentials at the 
buffer and analyte waste reservoirs 16E, I8E are reapplied 

The use of micromachined post^lumn reactors can htiprove the power 
of post-separation channel reactions as an analytical tool by minin^iziqg the vohmie of 
the extra-chamiel plumbii«, especially between the sepaiation and reagent ehamids 34E 
36E. This microchip design (Figure 22) was fibricated with modest lengths for th^ 
separation channel 34E (7 mm) and r««cnt channel 36E (10.8 mm) which were more 
than sufficient for this demonstration. Longer separation channels can be manufactured 
on a similar size microchip using a serpentine path to perform more difficult separations 
as discussed above with respect to Figure 12. To decrease post-mixing tee band 
distortions, the ratio of the channel dimensions between the separation channel 34E and 
reaction ehannel 56 should be minimized so that the electric fi.:ld strength in the 
separation channel 34E is large. Le.. narrow channel, and in the ruction channd 56 is 
25 small, Le., wide channel 

For capiOary separation systems, the smaU detection «ilumes can limit the 
number of detection schemes that can be used to extract information. Fluorescence 
detection remains one of the most sensitive detection techniques for capiUary 
electrophoresis. When inoorporadng fluorescence detection mto a sj-stem tiiat does not 

30 have naturally fluorescing analytes. derivatizaUon of the analyte must occur either pre- or 
post-separation. When the fluorescent "tag- is short lived or the separation is hindered 
by prc-separation derivalizaiion, post-column addition of derivatiang reegent becomes 
the method of choice. A variety of post-separation reactors have bee:i demonstrated for 
capfflary electrophoresis. However, tiie ability to construct a post- separation reactor 

35 vrith extremely tow volume connections to minimize band distortion has been difficult. 
The present invention takes tiie approach of fiibricating a microchip device for 
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dcctrophOfttic separations >vith an integrated post-scparatici n«ctio,. channel 56 m a 
ringle n«,nolithic device enabUng extremely low volume «cch«.ges between «d,v,dud 
chaimd functions. 

I- ThTIU™ *2i: «. deigned «, b. wid» *e »P«»<« 

dLd 34F to giv. lower *aric fleld in the r««ion cl«miber ««1 to tonger 

,«id«o. dm- fcr Ih. regents The ™«Uon chamber i. 96 m™ wide « taW-^P* ""i 
^aeep. ««. U« «p«.io. Ch«»d 34F i. 3i .n, wide « h..f.d.p.h »d 6 2 H» 

" The n«e™«P l«bon>»ty syaen. lOF WK ««d to pc*>nn on-line p«- 

..p^n channd re«ti«» coupled wiU, el««.pho«ie 

pLcU. Here, the reactor U open««l cominuou.ly witi. «-« .!».«*• 

periodidly into the «p«tion oh»nel 34F using .he g««l di,pa«^ *'^'*!^ 

to ^,h«.pI..F«ur.3. Theopa«io«.fth.n^at««pco„-«of.h«e.ten«^ 
deriv«i4,ion of «nino «id, with o^*.h-di^dd^e (OFA). .,ec». -"^^ 
onto the «p««ion colons. «d «P««io./ of «H» 
re^tordnlt Th. cmnpound. u«d to the «.p-in«t, were «gn»^ 
^ (O SS n*0, -rfOPA (S.1 -M : Sign- Ch«niC Co.) The » -^^^ '^ 

25 «. SO nM ««lium t«r*o,«. with 2V. (v/») n«th««i «4 0.5% (v/v) 2. 

:».„«c.p.o«h».-U-dedto,h.h««br „.reaud„.g«««.r«» 

the reacfio. the res»voi. :2F. ,4F. .6F. «F. .nd «^ 
„„. «»-»«OMdy giv» «.««>««' vol»g« or.5 HV. .5 HV, HV. .2 HV, ^ ^ 

TtrL ^Wcm for I 0 kV .pplled to the microchip) ««i hi^ ««» *« 
d««b« (^7'^'" ' 'fo', , 0 kV «.ptt«l «. the "*->Aip) without 

sep«Tlt,o« ch»«cl J*- (300 V/J „Ag d„ 8«ed 

«i»»:<Sr^'ktit Vkti^dine of the product into the separauon &iiafi«« ^ 

IT res«voir 12F and the ce-gent from the second reseivo. 14F are 
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dectroosmotically pumped into the reaction chamber 42F with a ^/ok^meiiic ratio of 
1:1.06. Therefore, the solutions from the analyte and reagent reseivoirs 12F» 14F are 
cUhited by a factor of « 2. Buffer was simultaneously pumped by ctectioosmosis from 
the buflfer reservoir 16F toward the analyte waste and waste reservoirs I8F, 20F. Tins 
5 buffer stream prevents the newly fonned product from bleeding into the separation 
channel 34F. 

Preferably, a gated iqection scheme, described above with reject to 
Figure 3» is used to inject effluent from the reaction chanriber 42F into the separation 
channel 34F. The potential at the buffer reservoir I6F is »niply floated for a brief period 

10 of time (0. 1 to 1.0 s), and sample migrates into the separation channe! 34F. To break ofiT 
the injection plug, the potential at the buffer reservoir 16F is respited The length of 
the injection plug is a function of both the time of the injection and the electric field 
strength. With this configuration of applied potentials, the reaction of the amino acids 
with the OPA continuously generates fresh product to be analyzed. 

IS A significant shortcoming of many capillary dectrop'ioiesis experiments 

has been the poor reproducibility of the injections. Mere, because the nucrodiip injection 
process is computer controlled, and the injection process involves the opening of a single 
high voltage switch, the injections can be accurately timed events. I^re 26 shows the 
reproducibility of the amount uijected (percent relative standard deviation, % rsd, for the 

20 integrated areas of the peaks) for both arginine and g^ne at mjection field strengths of 
0.6 and 1.2 kV/cm and injection times ranging from 0.1 lo LO s. For injection times 
greater than 0.3 s, the percent relative standard deviation is below 1.8%. This is 
comparable to reported values for commercial, automated capil'ary electrophoresis 
instrxmients. However^ injections made on the microchip are « 100 limes smaller in 

25 volume, c.g. 100 pL on the microchip versus 10 nL on a commercial instrument Part of 
this fluctuation is due to the stability of the laser which is ^ 0.6 %. l?or injection times > 
0.3 s, the error appears to be independent of the compound injected and the injection 
field strength. 

Figure 27 shows the overlay of three dectropho *etic separations of 
30 arginine and glycine after on-microchip pre-colunw derivatization with OPA with a 
separation field strength of 1.8 kV/cra and a separation length of 10 mm. The separation 
field strength is the electric field strength in the separation channel 34F durii^ the 
separation. The field strength in the reaction chamber 42F is ISO V/cm. The reaction 
times for the analytes b inversely related to their mobilities, eg., for arginine the reaction 
35 time is 4. 1 s and for glycine the reaction rime is 8.9 s. The volumes of the ii^ected plugs 
were 150 and 71 pL for arginine and glycine, respectively, which correspond to 35 and 
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•. d./«i«»lv to Hie diffiawice in the amoiintt inject«l. ..e diffferatt elearopnoMne 

,0 — conation. '''>^ T -^^.5:^3:^ 

*e„.«of.hed.nv«i»ion action. 

fcr .lycil» corr.S|»ndil.g to tolf-tin« of rei^oo of 5J «id 6.2 1. le.^^ 
^!^ofr.alo«co™p«-*.ofl«4.p«-o«dy«po«dft,-»«.. W. 

automation, speed and volume for chemical reactions. 

30 

DNA M'fyW ^. w 1 *««iv«« orocedure. a restriction 

To demonstrate a useful biological analysis pro^eaur , 

^ electropho^.. ^ "7*"- 2J1-Cr^"^" 

" ric«scrr:^.c^3«>oftbeubo.«o...^.oo 
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follows a serpentme pith. The lequence fbr plasmid pBR322 anc the rccogmuon 
leqiience of the enzyme Hi«f I are known. After digcsrion. dctcmunation of the 
fragment disiribution is performed by separating the digestion products usmg 
electrophoresis in a sieving medium in the separation chamiel J4G. For these 
5 experiments, hydroxyethyl ceUulose is used as the sieving medium. At a fixed pomt 
downstream in Ihe separation chamid 34G. migrating fragments are interrogated usmg 
on-chip laser induced fluorescence with an intercalating dye, thiazole oraugc dmier 

(TOTO- 1), as the fluorophore. 

The reaction chamber 42G and separation channel 340 shown m Figure 
10 29 are 1 and 67 mm long, respectively, having a width at half-depdi of 60 pm and a 
depth of 12 ^m. In addition, the chamiel walls are coaled witi, polyacrylaraide to 
ininimize elcctroosmotic flow and adsorption. Electropherograms a-e generated usmg 
single point detection huer induced fluorescence detection. An argon ion bser (10 mW) 
U focused to a spot onto the chip using . lens (100 mm ft)cal length) The fluorescence 
15 signal is coUected using a 21x objective lens (N.A = 0.42), followed by spatial filtenng 
(0 6 mm diameter pinhole) and spectral filtering (560 nm bandpass. 40 mn bandwidth), 
and measured using a photomultipBer tube (PVrT). The data acquisition and voltage 
switchmg apparatus are computer controlled. The reaction buffer is lOmMTris-acetate. 
10 mM magnesium acetate, and 50 nA4 potassium acetate. The reaction buffer is pbiced 
20 in the DNA. enzyme and waste 1 reservoirs )2G, 140. 18G shown in Rguie 29. The 
separation buffer is 9 mM Tris-borate with 0.2 mM EDTA and 1% (w/v) hydroxyctiiyl 
ceUulose The separation buffer is placed in the buffer and waste 2 reservoirs 16F. 20F. 
The concentrations of the plasmid pBR322 and cnayme Hirf I 125 ng/^1 and 4 
units/Ml. respectively. The digestions and separations are peifbrmcd at room 

25 temperature (20'C). 

The DNA and enzyme are electrophoretically loaded mto the rcactmn 

chamber 42G from their respective reservoirs 120. 14G by apptication of proper 
electrical potentials. The relative potentials at ti»e DNA (12G), e.«yme (HG), buffer 
(16G) waste 1 (180). and waste 2 (20G) reservoirs are 10%. 10% 0. 30%. and 100%, 

30 respectively Duo to tiie electrophoretic mobility differences between the DNA and 
enzyme tite loading period is made sufficiently long to reach equilibrium. Also, due to 
tite sm^n volume of the reaction chamber 42G. 0.7 nL. rapid diffu..iomil mixmg occurs. 
The elcctroosmotic flow is mmimized by tiie covalent immobilization of hnear 
polyacrylamide, thus only anions migrate from the DNA and enzyme reservoirs 12G. 

35 140 into the reaction chamber 42G with the potemial distributions used. The reaction 
buffer which contains cations, required for tiie enzymatic digestions. e.g. Mg' . is also 
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rfler lading d« r^etip. «h»Acr 420 iu. u, d« n=l.»vdy «^ 

5 of the DMA throogh the reaction ckBrber . . .v. 

FoUowing tlu, digMtion period, the product. « "«g«ed nto ihe 
^™«k» channel 3* fcr »-Iy» by ao«i»g the volUg« to ^ 
Zem*. 1«F. ISF. m h...,nokiIiwK» the 

i^ee»din&vorofU«la,ge,».gn«U. «>-*~" '"rrj^?^ 

,0 forthe7^b«»p«r(bp)fh<pno«i.e«i««tt«ltol«0J4n«.whe.«.tothel^ 

be analyze, und., c«™. «l»«io« condiUoo. b.c«« the con»*«:«n of the «^ 

.lug length to the plrteheW* would be ovtrwheliiiinfr ,. ^ a- 

» Followtag digeation »d il«actioo onto the «pa.a.on channel 34F. the 

fi»pnenu «« r«*«d ui^ IW byd««y«hyl ce!lul.«> as .he ^ 

pS322 lblIo«ing a 2 nnn digcrfcn by the ena,n>e H.nf I. To 
column «-ning of U« doubl^tranded DNA after digestion hut pr«r to 
20 the tate^alatmg dye. T0TO-. (1 ,M). i. pl«»d i- * ^ 

ecunttin™ to the DNA As ».pec.ed. td-iv. « ^ 
.1, • B-™.-».iMli.i!miae more intercalation shcs east in the larger 
increases with iiwteasrogfiagnKat a™ bcMusenuireniBic. 

ftag^ents. The unresolved 220«21 »«i S07«ll-bp 6.gn«« h«.ng "^""T^ 

Z^j.ccn.si.gl.Sagm^ul**-"'"'-'"-'"^ T"'""^^ 
« «igr«ion time. »»li.«.cdo.v.lun«». 0.55 and 3.1 ^relatn^at-rdanld.-^ 

-^^-J^r «K««o. ^^^^ 
pusnnd DNA rotrictio. fiagn-nt «-lysb i«fic«e, the p.s«^^^^ 
Lwatuiane ino.. .opMstU««l biochemical procedures Ttas «po™n. repre^nB 
,0 r^^bi«ic«cd h«.g«..duto.d^pch«ni«l«»W» device demonst^^ 

SI tt^ toduet^ and analyzes the products enti«l, under co-nputer »n«ol whde 
^gTo.000 W» otaterial .h«, U» typi- small vohrme l-x^tor, 

„ ,„ g«»r.l. the pr^ent inv«,t.on can be uaed to mix differ^u Bui^ 

comained in dUfL. pom or rescrvdrs. TWs couM be used tbr . h^ 
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reactions in 



which diBtaent chenicil «ti«toP» of • W»" w"™" " 

channels. 

aw ™ jV*ov« tl«»me rix pott nteocWp lAonoor, 10 *o»n 

Idling ««tio«. in ».ch « «P«i™«. ««voi» « "T^" 

U«y «l>«fio» eh«»d, l... ^ the l^aid ch™««ogr.phv «pe^ 
The ta««U,g ch»«U 30. 32 connccUng bu«« ^yc 
20 16 ««1 1« «. u«l to n»lc. » ini«ioa imo .h. U,uid ch^natog-apHy or 

ch»«I 34 - di«u^ above, n^-^. -^^^ « ""i": 
^ «, «. ..paradon ch««d 34 «. used » «M a n^geoj. 
»opo.tion. to render the .ped««p«.«ed in fl«acp«i.ooch-««ld«~trt*. 

To execute this process, it to neceswy to -xur-ebr con«ol and 
25 mampahte solutions in the v«»us<Wls. The onbodimeni. described *.«e took 
voK.»es of solution (.,00 pO *on. rc^ « «^ 40 and .ccu«^ 
i^Ld them tato the ,ep.r«ion eha«»l 34. For these «nous ^ 
of «.l«.ion need, «. be one ch»»-. For ««np^ 

^ progranuning for ^uld d«««ography or ,««e« 
30 WKling reaction. «<rJ« that ..tean. of sdutioo. be m««l»I«c««™''»^ 

"^'"■" The rixing of v-iou. solvent, in iuu^ propo-tion. ^ be done 
..corttag «, the p^sem mvemio. b, controlling po.«..ial. v,M<h ultiua.,*, con^ol 
a „ indicated in e^ .. Acco««". » — > 
35 firZ^.««b.obelc««.u,de.«n*,e.heUnearve^oatyo.hes^^^ 

g-lTJftese ,«« of fluidic ««ap»l«ion. a lc~^ 
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a given reservoir. The field strength can be calculated finom the applied voltage and the 
characteristics of the channel. In addition, the resistance or condui;tance of the fluid in 
the channels must also be known. 

The resistance of a channel is givoi by equation 2 whcrt R is the 
resistance, k is the resistivity, L is the length of the channd, and A is the cross-sectional 



Ai 



10 Fluids are usually characterized by conductance which is just the 

rtdprocal of the resistance as shown in equation 3. In equation :\ K is the electrical 
conductance, p is the conductivity, A is the crosa^sccUonal area, and L is the length as 
above. 

15 K P) 



Using ohms law and equations 2 and 3 we can write the field strength in a 
gwcn channel, i, in terms of the voltage drop across that channel di^raded by its length 
wMch is equal to the current, Ij through channd i times Ac resisihnty of that channd 
divided by the cross-secdonal area as shown in equation 4. 



Thusw if the channel is both dimensionally and decirically characterized, 
the voltage drop across the channel or the currem through the chsnod can be used to 
detemune the solvent velocity or flow rate throu^ that chanr.el as,: expressed in 
25 equation 5. It is also noted that fluid flow depends on the zeta potential of the surface 
and thus on the chemical make-ups of the fluid and sur&oe. 

Vi oc I| K Flow 
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Ob^ously the conductivity, x; or the resistivity, p, will depend upon the 
characteristics of the solution which could vary from channel to cluLnnel. In many CE 
applications the characteristics of the buffer will dominate the dectrical characteristics of 
the fluid, and thus the conductance will be constant In tiic case of liquid 
5 chromatography where solvent programming is performed, the electrical characteristtcs 
of the two mobile phases could difier consderably if a buffer is not used. During a 
solvent programming run where the mole fraction of tlie nuxture is dianyng, the 
conductivity of the nuxture may change in a nonlinear fashion but it will change 
monotofucally from the conductivity of the one neat solvent to the other. The actual 
10 variation of the conductance with mole fraction depends on the dissociation constant of 
the solvent in addition to the conductivity of the individual ions. 

As described above, the de>ace shown schematically in Figure 3 1 could be 
used fi>r performing gradient eluuon liquid chromatography with post-column labeling 
for detection purposes, for example. Figure 31(a), 31(b), and 31(c) show the fluid flow 
IS requirements for carrying out the tasks involved in a liquid chromatography experiment 
as mentioned above. The arrows in the figures show the direction and relative 
magmtude of the flow in the channels In Figure 31(a), a volimie of anaiytc from the 
analyte reservoir 16 is loaded into the separation intersection 40. To execute a pinched 
injection h is necessary to transport the sample from the analyte reservoir 16 across the 
20 intersection to the analyte waste reservoir 18. In addition, to confine the lanalyte 
volume, material from the separation channel 34 and the solvent ic^servoirs 12,14 must 
flow towards the intersection 40 as shown. The flow from the first reservoir 12 is much 
larger than that from the second reservoir 14 because these are the iidtial conditions fi>r a 
gradient dution experiment. At the begmning of the gradient duiion experiment, it is 
25 desirable to prevent the reagent m the reagent reservoir 22 from entering the separation 
diannd 34. To prevent such reagent flow, a small flcnv of buffer from the waste 
reservoir 20 directed toward the reagent dumnd 36 is desirable and this flow should be 
as near to zero as possible. After a representative analyte volume is presented at the 
injection intersection 40, the separation can proceed. 
30 In Figure 31(b), the run (separation) mode is shown, solvents from 

reservoirs 12 and 14 flow through the intersection 40 and down llie separation channel 
34. In addition, the solvents flow towards reservoirs 4 and 5 to ma^ce a dean injection of 
the analyte into the separation channd 34. Appropriate flow of reajent from the reagent 
reservoir 22 is also directed towards the separation channel The initid condition as 
35 shown in Figure 3 1 (b) is with a large mole fraction of solvent I and a small mole fraction 
of solvent 2. The voltages applied to the solvent reservoirs 12, 14 are changed as a 
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IS 



function of time so that the proportion, or solvents 1 ard 2 '^^ ^^^^^1 
dominanoe of solvent 1 to mostly solvent 2. ITws is shown in Figure 31(c). The latter 
monotooic change in appBed vokage eftct. the gnulient dution Uquid chromatognip^ 
«peiunenL A. the isolated components pass the regent add.aon channel 36. 
5 appropriate leaclion can take place between this reagent arid ti^ 

form a detectable spedes. 

Figure 32 shows bow the voltages to the various reservoirs are changed 

for a hypothetical gradient ehitfon experiment The voltages shown in this diagram only 
indicate relative magnitudes and not absolute voltages. In the loading mode of 
10 operation, static vohagcs are applied to the v«ious leservoirs. SoK^cnt flow from dl 
reservoirs except the reagent reservoir 22 is towards the analyte waste reservoir 18. 
Thus, the analyte reservoir 18 is at the lowest potential and all the other reservoirs are at 
higher potential. The potential at the reagent reservoir duHild be «»fficiently below ttat 
of the waste reservoir 20 to provide only a slight flow towaitls the reagent reservoir. 
The voUi«e at the second soWent reservoir 14 should be suffidenfly great in magnrtude 
to provide a net flow towards the injection interaction 40. but the flew should be a low 

magnitude. . . , 

In moving to the run (start) mode depicted in Figure 3 1(b). the potentials 

,re readjusted as indicated in Figure 32. The flow now is sudi that the solvent from the 

solvents f«ervoirs 12 and 14 is moving down tiie separation dum..cl 34 towards the 

««ste reservoir 20. There is also a slight flow of solvent away firom the mjccdon 

intersection 40 towards the analyte and analyte waste reseivoirs 16 and 18 and an 

appropriate flow of reagent from the reagent reservoir 22 into the separation dumnel 34. 

The waste reservoir 20 now needs to be at the minimum potential and the first solvent 

reservoir 12 at the maximum potential. AU other potentids are adjusted to prov.de the 

fluid flow directions and magnitiides as mdicated in Figure 31(b). Also, as shown m 

Figure 32, the voltages applied to the soWent reservoirs 12 and 14 are mom,to«cally 

dianged to move from the conditions of a large mole fraction of solvent 1 to a large 

mole firaction of solvent 2. 
30 At the end of tiic solvent programming run. the devxe is now ready to 

switch bade to the faucet condition to load another sample. Th. voltage variations 
shown In Figure 32 are only to be illustrative of what might be done to provide the 
various fluid flows in Figures 31(a)-(c) In an actual experimem some to the vanous 
voltages may weU differ in relative magnitude. 
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While advantageous embodimoits have been chosen to illuslrate the 
invention, it win be understood by those skilled in the art that various changes and 
modifications can be nuuie therdn vdthout departing firom the scope of the invention as 
defined in the appended daims. 
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Claims 

1. A microchip laboratory system for analyzing or synthesizing chemical 
material, comprising: 

a body having integrated channels connecting a plurality of reservoirs, wherein at 
least five of the reservoirs simultaneously have a controlled electrical potential associated 
therewith, such that material from at least one of the reservoirs is transported through the channels 
toward at least one of the other reservoirs to provide exposure to one or more selected chemical 
or physical environments, thereby resulting in the synthesis or analysis of the chemical material. 

2. The system of claim 1 wherein the material transported is a fluid. 

3. The system of claim 1, further comprising: 

a first intersection of channels connecting at least three of the reservoirs; and 
means for mixing materials from two of the reservoirs at the first intersection. 

4. The system of claim 3 wherein the mixing means includes means for 
producing an dectrical potential at the first intersection that is less than the electrical potential at 
each of the two reservoirs from which the materials to be mixed originate. 

5. The system of claim 1, further comprising: 

a first intersection of channels connecting first, second, third, and fourth reservoirs; 

and 

means for controlling the volume of a first material transported from the first 
reservoir to the second reservoir through the first intersection by transporting a second material 
from the third reservoir through the first intersection. 

6. The system of claim 5 wherein the controlling means includes means for 
transporting the second material through the first intersection toward the second and fourth 
reservoirs. 

7. The system of claim 5 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
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the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

8. The system of claim 5 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

9. The system of claim 1 wherein the integrated channels include a first 
channel connecting first and second reservoirs, a second channel connecting third and fourth 
reservoirs in a manner that forms a first intersection with the first channel, and a third channel that 
connects a fifth reservoir with the second channel at a location between the first intersection and 
the fourth reservoir, 

10. The system of claim 9, further comprising: 

mixing means for mixing material ftx)m the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

1 1 . The system of claim 9 wherein the third channel crosses the second channel 
to form a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

12. The system of claim 11, further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

13. The system of claim 12 wherein the transporting means transports the 
material from the fifth and sixth reservoirs through the second intersection toward the first 
intersection and toward the fourth reservoir after a selected volume of material from the first 
intersection is transported through the second intersection toward the fourth reservoir. 

14. A microchip flow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, the channels 
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forming a first intersection wherdn at least three of the reservoirs simultaneously have a controlled 
electrical potential associated therewith such that the volume of material transported from a first 
reservoir to a second resovoir through the first intersection is selectively controlled solely by the 
movement of a material from a third reservoir through the first intersection toward another 
reservoir. 

15. The system of claim 14 wherein the material transported is a fluid. 

16. The system of claim 14, further comprising: 

controlling means for transporting the second material from the third reservoir 
through the first intersection toward the second reservoir. 

17. The system of claim 16 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

18. The system of claim 16 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

19. The system of claim 14 wherein the integrated channels include a first 
channel connecting the first and second resovoirs, a second channel connecting the third reservoir 
with a fourth reservoir in a manner that forms a first intersection with the first channel, and a third 
channel that connects a fifth reservoir with the second channel at a location between the first 
intersection and the fourth reservoir. 

20. The system of claim 19, further comprising: 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

21 . The system of claim 19 wha:ein the third channel crosses the second channel 
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at a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

22. The system of claim 21, further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

23. The system of claim 21, further comprising: 

means for transporting material from the fifth and sixth reservoirs through the 
second intersection toward the first intersection and toward the fourth reservoir after a selected 
volume of material from the first intersection is transported through the second intersection toward 
the fourth reservoir. 

24. A microflow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, wherein first 
and second reservoirs of the four reservoirs contain first and second materials, respectively, a 
channel connecting the first reservoir and a third reservoir forming an intersection with a channel 
connecting the second and a fourth reservoir; and 

a voltage controller that: 

applies an electrical potential difference between the first reservoir and the 
third reservoir in a manner that transports a selected, variable volume of the first material from 
the first reservoir through the intersection toward the third reservoir; and 

after a selected time period, simultaneously applies an electrical potential 
to each of the four reservoirs in a manner that transports the second material from the second 
reservoir through the intersection toward the third reservoir and thereby inhibits movement of the 
first material through the intersection toward the third reservoir. 

25. A method of controlling the flow of material through an interconnected 
channel system having at least four reservoirs, wherein a first reservoir of the four reservoirs 
contains a first material, the interconnected channel system having integrated channels connecting 
the reservoirs, the channels forming an intersection, the method comprising: 

applying an electrical potential difference between the first reservoir and a third 
reservoir of the four reservoirs in a manner that transports a selected, variable volume of the first 
material from the first reservoir through the intersection toward the third reservoir; and 
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after a selected time period, simultaneously applying an electrical potential to each 
of the four reservoirs in a manner that inhibits the movement of the Urst material through the 
intersection toward the third reservoir. 
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FIG. 3 
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FIG. 5(a) FIG. 5(b) FIG. 5(c) 
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FIG. 6 
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FIG. 8(b) 




FIG. 8(c) 
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FIG. II 
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FIG. 12 
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FIG. 15 

FIG. 14 
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FIG. 17(a) 
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FIG. 19 
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FIG. 21(a) FIG. 21(b) 
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FIG. 22 
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FIG. 30 
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